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PREFACE
Vibrational optical activity (VOA) associated with the vibrational 
transitions of chiral molecules can be studied by tw o distinct 
experim ental techniques: vibrational circular dichroism (VCD), the long 
wavelength extension of circular dichroism into the infrared, and Raman 
optical activity (ROA), the differential scattering of righ t and left 
circularly polarized electrom agnetic radiation. No theoretical description 
exists to  rela te these two methods. Each technique therefore probes the 
stereochem istry of chiral molecules uniquely, hence they m ust be 
considered as complementary. In fact, vibrational bands which exhibit 
strong VCD intensity tend to  show weak ROA intensity and vice versa.
Chapter one contains a brief historical review of VOA describing the 
tw o experimental techniques and their advantages and disadvantages with 
respect to one another. The m ost recent theoretical analysis of ROA is 
then reviewed and its relationship to  the original theoretical description 
of ROA noted. The final section of chapter one deals with ab initio 
calculations of Raman and ROA intensities. The theory is described and 
practical aspects of its im plementation are discussed.
In chapter two we describe the design of an entirely new instrum ent 
for the m easurem ent of ROA spectra of biological molecules. The various 
com ponents and their use are discussed and im provements over those 
used previously noted. The performance of this instrum ent is then 
com pared with our previous ROA instrum ents and with the m ost recently 
reported  ROA instrum ent from another laboratory.
The f irs t experimental observations of forw ard scattered  ROA are 
reported  for trans-pinane and 0-pinene in chapter three. The origin of the 
unexpected ROA intensity in the spectrum  of fl-pinene is ascribed by
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general group theoretical argum ents to  isotropic scattering , which was 
previously thought to make a negligible contribution to  the to ta l ROA 
intensity.
The ROA of alanine as a function of pH is discussed in chapter four. 
A vibrational analysis is presented and origins of the ROA intensity 
suggested. This is compared with an ab initio  calculation of the Raman 
and ROA intensities of alanine a t neutral pH. Finally a vibrational 
analysis of alaninol is attem pted based on the corresponding analysis for 
alanine.
Chapter five contains a vibrational analysis for serine, cysteine, valine 
and threonine derived from comparisons between their ROA spectra and 
other previously reported vibrational analyses based primarily on isotopic 
substitu tion  data. The situation is more complex than in alanine due to  
possible contributions to the ROA intensity from differen t rotam ers. The 
re su lts  are then used to  explain the lack of ROA intensity in the 
spectrum  of isoleucine.
In the final chapter we discuss the Raman and ROA spectra of
proline and 4-hydroxyproline. These differ from the amino acids discussed
previously on account of their five membered ring s tru c tu re  and their 
lack of an NH* group which we have identified as generating large ROA
intensity in the spectra of the o ther amino acids we have studied. The
use of proline and 4-hydroxyproline as a probe of peptide and protein 
stru c tu re  is also discussed.
-  2 -
1 INTRODUCTION
1.1 H istorical review of vibrational optical activity
A system  is considered to  exhibit natural optical activity if it 
responds differently  to  right and le ft circularly polarized electrom agnetic 
radiation in the absence of external electrom agnetic fields. A common 
m anifestation of this phenomenon is a ro tation  of the plane of 
polarization of linearly polarized incident light; the optical ro tation  of the 
system  [1]. All substances show induced optical activity in the presence 
of an externally  applied magnetic field C2] and in special situations an 
electric field [31 The microscopic origin of natural optical activity for 
optically active sam ples is molecular chirality (from  the Greek chir 
meaning hand).
N atural optical activity has typically been associated with molecular 
electronic  transitions th a t can be studied by optical ro tato ry  dispersion 
(ORD) [4], the wavelength dependence of the ro tation  of linearly 
polarized electrom agnetic radiation, and circular dichroism (CD) [41, the 
difference in the absorption for left and righ t circularly polarized 
electrom agnetic radiation. CD is now preferred over ORD as a resu lt of 
its  more d irect relationship to  the properties of the  specific s ta tes  being 
excited in the transition  and the development of high-sensitivity CD 
instrum entation  [ 53.
However, bo th  these techniques are limited to certain molecular 
situations: some hydrocarbons exhibit little  optical ro tation  a t certain 
w avelengths [63, thus restric ting  ORD m easurem ents, while CD requires 
th a t a chrom ophoric transition, such as the n-»7t transition of a carbonyl 
group, fo r instance, ex ists in the region ~ 185-700 nm currently
obtainable using commercial instrum entation and also  shows a Cotton
-  3 -
e ffec t, which is no t always the case [7]. A C otton effec t is defined as 
the CD (together w ith the anomalous ORD which accompanies it) in the 
absorption region as shown in fig. 1.1 (adapted from ref. 8).
circular dichroism  /
optical rotatory dispersion
Fig. 1.1. C ircular dichroism and anomalous optical 
ro tato ry  dispersion in the region of an electronic 
absorption wavelength X^ . The signs shown 
correspond to  a positive C otton effect.
The major constra in t on the use of these chrom ophores is tha t by 
them selves they are inherently symmetric bu t become dissym m etric by a 
sm all chiral perturbation  o f their m olecular environment. The chirality of 
the system  therefore is probed only indirectly so th a t g reat care has to  
be exercised in the  in terpreta tion  of CD spectra.
If a m anifestation o f optical activity existed  for vibrational 
spectroscopy m ost o f the above problem s could be overcome since a 
vibrational spectrum  contains bands associated w ith all parts  of the 
molecule with b e tte r  resolution and more straightforw ard  m ethods of 
assignm ent (via group frequencies and normal coordinate analysis for 
example), and should thus provide more com plete stereochemical 
inform ation than either ORD or CD. Happily no t one bu t two such 
phenomena can be measured experimentally: vibrational circular dichroism
-  4 -
(VCD), the  long wavelength extension of CD into the infrared [5,9]; and 
natural Raman optical activity (ROA), the d ifferential scattering of right 
and le ft circularly polarized radiation [8,10,11]. Both were observed in the 
solution phase a t approximately the same time [12-15] and are 
com plem entary a t the moment since ROA is b es t in the region 100-1800 
cm 1 while VCD cannot, a t present, be extended below ~ 650 cm-1 
[16,17].
There are tw o possible experimental approaches to  VCD. Historically 
it has been measured in the CH, OH and CD stretching regions 
(2600-3500 cm *) w ith dispersive spectrographs. However, the use of this 
type of in strum ent for the measurem ent of low frequency (800-1800 
cm *) vibrations has been severely restric ted  by the necessity of 
com pletely changing the optics, detector, etc... several tim es in order to 
achieve com plete spectral coverage and optim um  instrum ent response. 
Fourier-transform  (FT) VCD instrum ents, on the o ther hand, enable 
collection o f the entire mid-infrared spectral region (800-1800 cm-1) in 
one experim ent. To date, only one FT-VCD spectrum  has been reported in 
the CH stretch ing  region due to  a rte fact problem s [18]. Therefore, a t 
p resent, dispersive instrum ents are employed in the region 2600-3500 
cm 1 while FT instrum ents are used for the region 800-1800 cm *.
ROA, by comparison, has given birth  to  a p lethora of possible 
experim ental stra teg ies based on the use and m easurem ent of circularly 
polarized radiation. The first, and until recently only, ROA experiment to 
be perform ed involved modulating the incident laser radiation between 
righ t and le ft circular polarization s ta tes  [8,10-13]; this has been termed 
incident circular polarization (ICP) ROA. The experim entally observed ICP 
quantity  is a dim ensionless circular intensity difference (CID):
A = ( IR -  IL ) /(  1R ♦ IL ).at a  at at at
-  5 -
(1 .1)
The in tensities I refer to  the scattered radiation, the superscrip ts (R,L) 
denote corresponding s ta te s  of circular polarization of the incident laser 
radiation and the  subscrip t (a) refers to  the s ta te  of linear polarization 
of the sca tte red  radiation. An alternative experim ental approach is to 
m easure the in tensity  of the circularly polarized com ponent of the 
scattered  radiation. This experiment has been called scattered  circularly 
polarized (SCP) ROA [8,19-24] with CID
A“ = ( I* -  1“  ) /(  1“  + 1“  ). (1.2)
The superscrip t (a) here refers to  the s ta te  of linear polarization of the 
incident radiation. The possibility also arises of m easuring both ICP and 
SCP ROA sim ultaneously . This has been term ed dual circular polarization 
(DCP) ROA [21,24-273. Two forms of DCP ROA are measurable: DCPj
n  f
where the m easurem ent is of IR -  IL, the in-phase combination of ICP 
and SCP; and DCPjj the out-o f-phase combination o f ICP and SCP where 
the m easurem ent is o f I -  I . An analysis based on Stokes-M ueller
K  L
calculus, within the original theory of ROA, suggested  th a t ICP measured 
in a backscattering  (180°) geometry is the m ost favourable ROA 
experim ent [26]. However, recent work has suggested  tha t, within a more 
general theory o f ROA [28], DCPj measured in a backscattering geometry 
m ight be equally favourable since there is no isotropic contribution to 
the Raman intensity . Experimental resu lts  [24] appear to  support this 
argum ent in te rm s of the quality of the ROA m easured b u t not in term s 
of the speed of data  acquisition. Polavarapu has proposed both  ICP and 
SCP ROA m easurem ents using an FT instrum ent [29,30] while Hecht and 
Nafie [31 ] have theoretically  described experim ents which involve the 
m odulation o f linearly polarized radiation, called linearly polarized (LP) 
ROA.
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Originally the only ICP ROA m easurem ent to  be performed utilized a 
depolarized right-angle (90°) scattering geom etry [12,131 (achieved by 
setting  the transm ission axis of a polaroid analyser parallel to the 
scattering  plane). Instrum ental advances enabled the routine recording of 
to ta l (w ithou t an analyser in the scattered  beam ) [321 and polarized 
(w ith the transm ission axis of the analyser se t perpendicular to the 
scattering  plane) [331 90° ROA spectra. Hecht and Barron [341 identified 
another possible experimental strategy based on 90° scattering term ed 
'm agic-angle' ROA in which the transm ission axis of the analyser is se t 
a t ±  sin_1(-/2/V3) * ±  54.74° to the scattering plane. In this experim ent 
the contribution from the electric d ipole-electric quadrupole ROA 
mechanism vanishes so tha t pure electric dipole-m agnetic dipole ROA 
spectra  can be measured (but leaving the isotropic part). Several years 
ago Hug [351 measured the firs t ICP ROA spectra  using a backscattering 
(180°) geom etry, but unfortunately the preliminary data were destroyed by 
fire. H echt e t al. [361 subsequently rem easured backward scattered  ICP 
ROA, using Hug's original experimental arrangem ent, based on the 
realization th a t higher signal-to-noise ratios (SNRs) can be achieved with 
a backscattering  geometry. This scattering configuration is essential for 
the m easurem ent of ROA of samples with high backgrounds such as 
aqueous solutions of biologically significant molecules. The optical 
arrangem ent employed for backscattering was easily modified to  allow 
the collection of forward scattered ICP ROA [373. Forward scattered ROA 
is the optimum experimental strategy for measuring isotropic ROA (vide 
infra).
Recently it  has become possible, using sophisticated quantum 
chemical com puter programs, to  calculate from  firs t principles both the 
VCD and ROA spectra of small molecules o f sm all molecules, typically
-  7 -
with less than 50 electrons [38-40]. This opens up the possibility of 
determining the  absolu te configuration of chiral m olecules w ithout reso rt 
to  semi-em pirical methods, since the absolute configuration follows 
autom atically w ith a high degree of confidence if there is extensive 
correlation betw een the theoretical and experim ental spectra.
Rotational optical activity has been postu la ted  by Salzman [41], 
Polavarapu [42] and Barron and Johnston [43]. However, it is expected 
th a t ro tational optical activity will provide less stereochemical 
inform ation than VOA since rotational transitions are associated with 
m otions of the entire molecule rather than m otions o f specific parts of 
the molecule as in VOA.
I was directly involved in many aspects of the new era of backward 
scattered  ICP ROA experiments on biologically relevant m olecules [44-52] 
and also in the f irs t forward ROA m easurem ents [37]. This thesis 
concentrates primarily on Raman and ROA studies of amino acids, the 
molecular building blocks of peptides and proteins. Com parisons between 
the spectra are used to  suggest a plausible vibrational analysis for the 
amino acids studied and to illuminate the origin of the ROA intensity in 
some of the observed Raman bands and to  ass is t the in terpretation of 
fu tu re detailed ROA spectroscopic investigations of peptides and proteins.
1.2 Theory
ROA was originally described theoretically by Barron and Buckingham 
[53]. The m ost widely employed version of this theory [54] uses a se t of 
four Stokes param eters to  characterize the intensity and polarization sta te  
o f the scattered  radiation. A ttem pts to  use this theory for a system atic 
analysis of the arte fac ts  which plague the ROA experim ent (especially in 
90°), using the m ethod of Stokes param eters, were restric ted  to  the
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effec t o f the cone of collection since the theory contained no inform ation 
about the o the r optical com ponents used in the experiment CSS.56]. 
Subsequently Hecht et al. [26,57] developed the theory of ROA in term s 
of the phenomenological S tokes-M ueller calculus C58 ] which enabled the 
analysis to  be extended to  the com plete optical train. An analysis of ICP 
ROA in term s of its dependence on the polar scattering  angle has been 
perform ed for particular analyser orientations by Andrews [59]. His work 
suggests  th a t it would be possible to  separate the magnetic dipole and 
electric  quadrupole contributions to the CID for measurements a t 
d ifferen t scattering  angles. Hecht and Barron [26] then provided a more 
com prehensive analysis which lead to  the discovery of ’m agic-angle’ ICP 
ROA [34]. Recently a general theory of ROA, which allows the direct 
calculation of the ROA intensities for all possible circularly polarized 
ROA experim ents, has been presented [28]. This theory form ulates the 
ROA in tensities for isotropically averaged sam ples with explict 
dependence on unit polarization and propagation vectors for the detected 
and incident radiation, as well as in term s of the S tokes-M ueller 
calculus.
1.2.1 M olecular scattering o f  polarized radiation
The scattered  electric field detected in the wave zone at a point d, a t 
a d istance R from the molecular origin which is large compared with the 
w avelength of the incident radiation, is g iven , within a sem i-classical 
form alism  [8 ,20 ], by
Ed = e' “ <R /c- t)( Z „) E* (1.3)
oc “ P r n n  p
where pQ, to and c denote the magnetic permeability, the angular
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frequency of the exciting radiation and the speed of light, respectively. A 
tilde (^) denotes a complex quantity and the superscripts d and i on the 
complex electric vector E refer to the detected and incident radiation. 
The quantity ( a _,) is a general scattering tensor for a particularotp m  n
transition m«-n between initial and final molecular states |n> and |m>, 
with particular propagation directions for the incident and detected 
radiation characterized by the unit vectors n1 and nd :
< a _> = ( a J  * -  f t  n*{ G ) ♦ e s nd ( C\ Jatp m n  otp m n  c  1 Y®p S a y  m n  y S a  S ' y p  m n
+ — iwt n‘ ( A J  -  nd( A a ) ] } ,  (1.4)3 y  «YP rn n  y  • py®  m n  J
w ith denoting the third-rank antisym m etric unit tensor ( Levi-Civita).
(a _) is the complex electric d ipole-electric dipole transition
otp  m n
polarizability (Ram an) tensor, (G ) and (£j „) are complex electric
r  aty m n  ' Y P  m n
dipole-m agnetic dipole transition optical activity (gyration) ten so rs , while 
(A  .) and ( A .  ) are complex electric dipole-electric quadrupole
at Y P  m n  PY® m n
transition  optical activity tensors. The Roman ROA tensors above refer to 
oscillations of the induced electric dipole m om ent originating from 
m agnetic dipole and electric quadrupole transitions of the molecules, 
while the scrip t ROA tensors are associated with oscillations of the 
induced m agnetic dipole and the electric quadrupole, respectively, arising 
from initial electric dipole transitions of the molecule.
The tim e-averaged intensity /  of the scattered  radiation is given by
[28]
/  ( e d ‘ , e ‘ ) a I ? d*Ed |2 = 90KI ? d* ( O ? .  I* • «  S*>ac at ac o tp  m n  p
w ith
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^(o)w here E represents the magnitude of the electric field evaluated a t the 
m olecular origin and e is a unit vector characterizing the polarization of 
the ligh t wave.
Inserting eq. (1.4) into eq. (1.5a) and performing some mathematical 
m anipulations yields [283
i  i ~ i  \ _  o n v  f  ~ i  ~ d  ~ i *  i i i i ~I  ( e , e ) = 9OK ( e . e _ e ^ e _  1R 1_0I L r a  „al  A  B C  D  A a  Bp C y  D8 a P  yS
2 . ( ~d* ~i ~d ~i* ~ r i , . ~ * 1 ~ * .+ —  Im( e e e e  a C n ( ic G + —  uA )
C \  A  B C  E  a P  D  p8e y p  3 ySe
ie , <4 ~ ~  “>A* e )])l 1 1  1 ,1  }, (1.6)D  pSy ' p e  3 '  eyS / A a  BP C y  D8 E eJ
where sm all Greek subscripts are used for m olecule-fixed axes and 
capital Latin subscripts for space-fixed axes. 1 are direction cosines 
from  the space-fixed axes to the m olecule-fixed axes. ( a „) etc...a P  m n
have been w ritten  as a . etc... fo r economy in eq. (1.6). The Einsteina p
sum m ation convention is implied [81.
1.2.2 M olecular property tensors
Q uantum  mechanical expressions for the complex transition
polarizability and optical activity tenso rs can be obtained from
second-order tim e-dependent perturbation theory [20]. The complex
transition  polarizability is of the form [28]
<m|p IjX jlpJn> <m|p IjXjlu |n>
< s R> = k l  — 2— — ♦ — -— —  • « -7>a p  m n  -fr ^  V M + j r  w ♦ m ♦ iT
where a circumflex (*) denotes an operator, |j> represents a com plex 
m anifold of interm ediate excited s ta tes , (o, is the angular transitionJn
frequency between molecular s ta tes  j and n, is the bandwidth o f the 
jth  excited sta te , p^ is the electric dipole operator and Greek subscripts 
are used to  refer to Cartesian directions in the molecular frame. The 
corresponding optical activity transition  tensors can be defined by
A /S
appropriate substitu tion  of p^ with m^ , the magnetic dipole operator, or
A
the electric quadrupole operator, by means of the following 
conversion relations:
(  V m n  " V  ( 1 8 a )
‘ ^ L p 'm n  V *  " V  ( , -8b)
(a  J  bya p  m n
( A . ) p +  0  , (1.8c)
at3 y  m n 3  3 y
( /4 _) p -> 0  » and p -» p . (1.8d)
'  m n oc «P 3 Y
The electric dipole, magnetic dipole and electric quadrupole operators 
are defined as the following sums over all m olecular particles i with 
m ass mt and electric charge e  ^ C8D:
“a*  2  e ,rla , (1.9a)
m = —  S  —  £ B r  p , (1.9b)« 2 j mt «3y
6  = —  E  e,( 3r, r1A - rfS „ ), (1.9c)at 3 2  ^ 1 ioc 13 i a p
where r t and p. are the position and linear momentum vectors of the ith 
charged particle, respectively and 8 denotes the second rank unit
- 12 -
sym m etric tensor (Kronecker delta).
1.2.3 Circular in tensity differences
The ROA observable is the difference in the intensity of scattered  
radiation in right versus le ft circular polarization s ta tes  in both  the 
incident and scattered radiation fields [28]:
AI= I ( e d*. e* ) -  I ( e d , e 1* ), (1.10)
which, using eq. (1.6), can be w ritten  as
360K  f  ~  / 1 • a £  / ~ d * ~ i  ~ d  i ~ i*  vAI =   Im i a _( — icoA -  g «. G )Im( e . e e )
C 1 “3 3 Y$e pSe YP A  B C  D E
-  a / 1 • A*( -  1(0 /4  +*» ' £yS3 g B C\ )Im(p«Y 'PC
~d* ~1 ~d d ~i* e e e n e A  B C D E »}<.Aot^B3*CY1DS^Ee'>’
( 1 .1 1 )
where the angular brackets indicate isotropic averaging. ( a ap)mn etc ...
have been written as a _ etc ... for simplicity in eq. (1.11) and all
« 3
following equations. Using the relationships given on pages 448 and 464 
of ref. 28 eq. (1.11) can be written in terms of isotropic and anisotropic 
tensor invariants as follows
OV f  C'J ^  A Arf A
AI = —  { Im( P -  2P )[ 9aG + 23 (G)2 + 23 (G)2 ]c I l s
♦ Im( P ♦ Pe )[ -9aG + 3 (G)2 ♦ 33 (G)2 -  3 (A)2 ♦ 3 (A)2 ]3 S a ■ a a
♦ Im( P ♦ P e )[ -9<xG ♦ 43 (G)2 -  23 (G)2 ♦ 43 (A)2 ]
4 5 * •  a
♦ Im( Pg- 2P13 )t -9a<^ -  20^  )2 - 20>(^ ) 2 ]
♦ Im( Pl0* P l3 )[ 9a(^ -  0a (4>2 -  30a( ^ ) 2 -  0 ^ ,4 )2 -  P J / b 2 ]
♦ Im( P 13* PJ4 )C 9<x6j -  4 0 J $ ) 2 ♦ 20a( ^ ) 2 -  20>(/4) ]}, (1.12)
- 13 -
V* ^ 2 ^  A
where aG and a£fl, 3 S^ )  etc ••• » ) etc ... refer to  isotropic,
sym m etric anisotropic and antisym m etric anisotropic tensor invariants, 
respectively. Explicit expressions for these and the common polarization 
facto rs  are given in ref. 28. These polarization factors are dependent 
on the  polarization s ta te  of the radiation and the scattering geometry.
1.2.4 Circular in tensity  sum s
A similar trea tm ent to  th a t given above for the CID yields the 
circular intensity sum (CIS) C283
1= I ( ? d*, ? * ) ♦ ! (  e d, ), (1.13)
I = 4K[ 3p <5)2 + SP (S)2 ♦ P C  3P (S>2 -  Sp (S)2 ]
L a a  IS a a
+ P C  45a2 -  23 (S)2 ] }, (1.14)
l o  s  ^
where a , 3s (a) and 3 a '<*) are isotropic, symmetric anisotropic and 
antisym m etric anisotropic tensor invariants. Explicit expressions for these 
tenso rs  are given in ref. 28.
1.2.5 ICP ROA m easurem ents in backscattering
The circular intensity difference and circular intensity sum given 
above by eqs. (1.12) and (1.14) are com pletely general in the sense th a t 
by appropriate substitu tion  for P^ they apply to  all possible CP ROA 
m odulation techniques and scattering  geom etries. For the purpose of this 
work we will refer to  ICP in a backscattering geometry, since m ost of 
the spectra  shown here were recorded using th is experimental 
configuration, and so only th is re su lt will be given in detail here:
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IR (180°) -  IL (180°) = —  f 45aG ♦ 73 (G)2 ♦ 53 (G)2 ♦ 3 (A) -  3 (A)2 u u c 1 ■ •  * •
♦ 4Sa4f -  Sp>( ^ ) 2 ♦ SPa (^ ) 2 ♦ 3Ps ( / i )2 -  Pa(/4)2} ,
(1.15a)
and
IR (180°) + IL (180°) = 4K{ 45a2 ♦ 73 (a )2 + 53 (a )2 }, (1.15b)u u L a « J
where u denotes unpolarized scattering radiation. The in terested  reader is 
referred  to ref. 28 for the resu lts  at o ther scattering  geom etries.
1.2.6 Approxim ations-the Rayleigh lim it
In the limit of non-resonant (T -»0 ) Rayleigh scattering (m=n) the 
following approximate relationships can be deduced from eqs. (1.7) and 
(1.8) [203:
CSJa w a  ,
a p  p a  ’
G Q _ and Oi * G ,
a 0  ' 0 a  a P  P a
A o  553 A  o  a n c ^ A  o  *  a  .ofPy '  a P r  '  «3y «3y
Since in this limit the polarizability is real it becomes sym m etric on 
account of eq. (1.16a). The antisymmetric contribution to  the CIS as given 
by eq. (1.15b) therefore vanishes identically. The antisym m etric optical
'■v a
activity tensor invariants 3a^G) etc ... also vanish since they all contain 
contributions from (a _)a . The following relationships are also valida p  n n
[273, om itting the subscript s since a distinction between sym m etric and
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(1.16a)
(1.16b)
(1.16c)
antisym m etric parts  becomes meaningless:
aG = -  a C\ , (1.17a)
3(G)2 = -  3(£j)2 , (1.17b)
3(A)2 = 3 ( ^ ) 2- (1.17c)
Consequently the CID and CIS given by eqs. (1.15a) and (1.15b) reduce
to
IR (180°) -  1^180°) = -=^p- { 33(G)2 ♦ 3(A)2 }, (1.18a)
IR (180°) + I^ISO0) = 4K f  45a2 ♦ 73(a)2 }. (1.18b)
u  u  i  J
The superscript tildes may be dropped from the tenso rs since only the 
imaginary part of G (designated by a prime) and the real parts  of a and
A are non-zero. Eqs. (1.18a) and (1.18b) may now be w ritten  as
IR (180°) -  1*0 80°) = -=—  { 33(G')2 + 3(A)2 } , (1.19a)
u  u  C 1 J
IR (180°) ♦ 1*1180°) = 4K f  45a2 + 73(a)2 } , (1.19b)
u  u  i  J
which is an equivalent resu lt to  th a t obtained using the original 
form ulation of ROA by Barron and Buckingham [83. Explicit expressions 
for the tensor invariants are, within the original theory:
= — [(a -  a  + (a -  a )2 ♦ (a - a  )i2 X X  Y Y  X X  Z Z  Y Y  Z Z
+ 6(a + o f * oT )] ,X Y  X Z  Y Z  ’ (1.20b)
G* = -  G' = -  (G* ♦ G’ + G’ ),
3 Ctct 3 X X  Y Y  Z Z ’ (1.20c)
3(G’)2 = -  (3a G' -  a G* ) 2 <*3 a 3  ata  33
= H <axx “yy^ S x" ^yy  ^ + *axx" “zz^^xx" Gzz^
+ ^a Y Y ~  a Z Z ^ G Y Y  G z z *  + 3 t a X Y ^ G X Y + G Y X * + “ x Z ^ G X Z + G Z X  *
+ (ot (G' +
Y Z  Y Z G' )]}, (1.20d)
3(A)2 = coa az _A „« 3  a y 8  y S 3
= —■ tof(a -a  )A + (a - a )A + (a -  a )A 
2  r  Y Y  X X  Z X Y  X X  Z Z  Y Z X  Z Z  Y Y  X Y Z
+ aXY(AYYZ“ Az y y + ^z x x " Ax x z ^
+ “x z *Ay z z ~ Az z y + Ax x y ” \ x x *
+ aYz^Az z x ” Ax z z + Ax y y ” Ay y x }^' (1.20e)
These differ from the expressions given in ref. 8 where some of the 
terms listed above were inadvertently left out.
1.3 Ab initio  Raman optical activity
1.3.1 Introduction
Quantum mechanical methods for the calculation of vibrational Raman 
spectra are now routinely implemented by evaluating the polarizability 
derivatives (daap/c>Q)0 using the analytical expressions given in refs. 60 
and 61, where Q refers to the normal coordinates . Calculations of ROA 
intensities, however, also require evaluation of the electric 
dipole-magnetic dipole optical activity tensor G ^ and the electric
-  17 -
dipole-electric quadrupole optical activity tensor A and theirqcPy
derivatives with respect to  normal coordinates. Amos [62,63] has 
theoretically described and implemented a procedure for calculating these 
tenso rs and their derivatives in the CADPAC program. However, since it 
is not possible to  evaluate (and vide infra) analytically a t the
presen t time, they m ust be calculated numerically. This places 
restric tions on the basis se t size and on the size of m olecules for which 
ab initio  ROA calculations can be currently perform ed [40]. Several 
calculations [40,49,51,64-66] of the Raman and ROA intensities of small 
molecules are now available with encouraging preliminary resu lts.
1.3.2 Theory o f  ab initio ROA
The quantum mechanical expression for the polarizability has been 
given by eq. (1.7). However, we will use the notation of ref. 40 in the 
following sections since this conforms to the original notation used by 
Amos [62]. The polarizability is therefore [40]
= 1 - 2  2 M|° 2 R e ( < 0 l |x j j > < j l | i p l 0 > ) , (1.21)
j*> “ jo “
where g> = (E -  E ) /4 r  with E, and E„ denoting the energies of the jth jo j o j o ° °
and ground s ta te  respectively. In the non-resonant case,o)^o>> w, eq. (1.21) 
reduces to
<0|u IjX jlp  |0>
a = 2 y  --------2-------- 1— . ,1.22)
^  E -  E j*> j 0
Eq. (1.22) can be evaluated using unperturbed m olecular orb itals 9 ® and 
their firs t order changes in the presence of an electric  field ) as
follow s [62]:
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a 0 .3  =  4  2  <<p “ |3 0, | 'P k ( F g ) > . ( 1 .2 3 )
k
The required derivatives with respect to  normal coodinates can then be 
evaluated using the expressions given in refs. 60 and 61. The electric 
d ipole-electric  quadrupole optical activity tensor A^ is, afte r
sim plification in the non-resonant limit
<0 |p |j><j|0 a |0>OC
E -  E j*> j o
■ 2 2  E »  .
and is evaluated [62] as
A « = 4 2  <f£i0 « ifL (F » •  (1-2S)oc3y J Tk 3t  k ot
k
This follow s directly from the conversion relations given in eqs. (1.8). In
principle, since the evaluation procedure is similar, (c)A „ /c)Q) can be
qc3y 0
evaluated using the same analytical m ethods as /dQ )Q; however, no
commercial softw are to  implement this calculation ex ists a t the present 
time.
Similarly, the electric dipole-magnetic dipole optical activity tensor 
G’ „ can be w ritten  as [62]
Otp
lm(<0|p IjX jlm  |0»
o f1 G* = -2tr 7  ---------------------------    . (1.26)^  E - Ej=o j o
It has been shown [62], th a t in the s tatic  limit g>-»0, eq. (1.26) can be 
evaluated to  give
(o' 1 G' = -41r y  Im«<p'(F )|<p- <B >), (1.27)
at 3  k  at k  3
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where are the firs t order changes of the m olecular orbitals in the
presence o f a magnetic field perturbation. Analytical methods for
evaluating /d Q ) Q are not yet available and it m ust be obtained
numerically by computing G*^ a t the equilibrium and displaced
geom etries, in the sta tic  limit.
1.3.3 Ab initio calculations o f  ICP ROA in a backscattering geom etry
The normalised CID in a backscattering geom etry is, within the
original theory of ROA [8], given b y :
This is necessary since the only ab initio  calculations so far performed 
have been within the original theory. It is the transition  tensor versions 
of these polarizability and optical activity tensors th a t m ust be used in 
Raman and ROA intensity calculations. At transparen t frequencies Raman 
scattering  is normally form ulated using Placzek’s approximation, in which 
quantities such as (,lr /2cl)p)(daap /0Q)o m ust be evaluated to  give the 
transition  polarizability for a fundam ental vibrational transition 
associated with the normal coordinate Q [81  The ab initio  ROA 
param eters are obtained by evaluating a ^ ,  and A^ at their
o
equlibrium geom etry and a t geometries displaced by 0.005 A along each 
atom ic coordinate using the CADPAC program [63]. Comparisons can 
then be made with respect to the intensity and sign of the theoretical 
and experim ental ROA bands. Such a procedure will be illustrated  for 
alanine in chapter 4.
2c[45ot2 ♦ 7p(a)2]
(1.28)
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2 THE ROA INSTRUMENT
2.1 Introduction
It has been known for over a decade [35] th a t multichannel ROA 
instrum ents offer superior performance, in term s of the speed of data 
acquisition, than the conventional scanning spectrom eters which were firs t 
used to  measure ROA. The normal detecto rs employed in these scanning 
instrum ents were photo-m ultiplier tubes. The multichannel instrum ents, 
on the o ther hand, were typically equipped with intensified photo-diode 
arrays as light detectors [10,11,21,22,32,67,68]. These intensified
photo-diode arrays are in the process of being replaced by spectroscopic 
grade cooled charge-coupled devices (CCDs), which have been identified 
as alm ost ideal Raman detectors for low -ligh t level applications [69,70] 
due to  their high quantum efficiency (ca. 80% fo r a backthinned back
illum inated CCD compared with ~ 8% for an intensified photo-diode array) 
and their extrem ely low read-out noise and dark current a t lower 
tem peratures. These excellent performance characteristics make them also 
very attractive for use in ROA spectroscopy. It has been dem onstrated 
th a t a CCD coupled to  a high-efficiency m onochrom ator plus an 
e lectro -op tic  m odulator in the incident laser beam comprises an alm ost 
ideal ROA instrum ent [37,44-52,71 ]. A nother ROA instrum ent equipped 
with a CCD bu t with a different m odulation technique has also been 
reported  [23,24,27]. At the same time recent analyses based on either the
general ROA theory [28] or the original ROA theory [26], of all possible
CP ROA experim ents have indicated tha t ICP in a backscattering geometry 
is a particularly favourable experiment for measuring ROA. We therefore 
decided to  design and construct a com pletely new instrum ent, optimized 
for the m easurem ent of backscattered ICP ROA, especially of biologically
-  21 -
significant molecules, comprising a high luminosity f / 4.1 single stage 
spectrograph and a backthinned CCD [52].
2.2 Optical layout
The optical layout of the instrum ent is shown in fig. 2.1. The 
incident laser radiation from a continuous wave Argon ion laser (L) 
operating a t 514.5 nm (Spectra-Physics, model 2016-045 stabilite®) passes 
through a calcite Glan-Taylor polarizer (GTP) (Leysop, model GT12) which 
ensures th a t the input laser radiation is a lm ost completely linearly 
polarized.
Following this polarizer is an e lectro -op tic  m odulator (EOM), 
discussed separately later, which switches the incident laser radiation 
betw een righ t and le ft circular polarization sta tes . The incident laser 
beam is then focused directly into the sample by a 150 mm focal length 
plano-convex synthetic fused silica lens (LI) (Melles Griot, model 01 LQP 
013). The sample is held in a spectrosil quartz cell (Optiglass) (SC), with 
an internal c ross-sec tion  of 5X5 mm, by a tab le type YZ9y0z mount 
(M icro-Controle).
The backscattering arrangem ent is based on the usual mirror 'with a 
hole' idea (an alternative approach using a righ t-ang le  prism to reflect 
the laser light to  the sample along the backscattering axis has also been 
im plem ented [24,27]). The cone of backscattered Raman light passes 
through a Lyot depolarizer (LD) (Leysop), consisting of two linearly 
b irefringent calcite crystals of 2:1 thickness ratio  whose optic axes are 
orientated a t 45° to  each other, and is then collim ated by a 25 mm focal 
length  sym m etric-convex synthetic fused silica lens (L2) (Melles Griot, 
model 01 LQD 001) onto  an elliptical m irror (EM) orientated a t 45° to  
the incident laser beam. The presence of the Lyot, which depolarizes the
- 22 -
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backscattered  Raman light, is essential in th is arrangem ent if ROA 
spectra  are to  be obtained since the m irror would otherw ise introduce 
polarization arte facts. The reflected light from  th is mirror is focused to  
a point by a 38 mm focal length fused silica lens (L3) (Optical Works 
Limited) and collected by a high quality 84.8 mm, focal length f/4 .1 , 
cam era lens (CL) (Carl Zeiss Planar T). This light is then focused 
through a holographic Bragg diffraction filte r (HBDF) (Physical Optics 
Corporation) [72,733. This reduces the intensity  of the unshifted Rayleigh 
band and allow s measurement of Raman spectra  to  about 150 cm"1 in 
neat organic liquids and ~ 500 cm 1 in aqueous solutions. The light then 
passes through the vertical axial entrance s lit (SL) of a 246.7 mm focal 
length f/4.1 single-stage in-plane assym m etric Czerny-Turner 
spectrograph (Jobin Yvon HR 250S).
Inside the spectrograph the Raman light is collected by a concave 
circular collim ating mirror (CM1), 60 mm in diam eter, which deflects the 
Raman light onto a quadratic (58X58 mm ) holographic 1200 grooves/m m  
ion etched grating (G) blazed at 630 nm. The efficiency of this grating is 
approxim ately 58% a t 525 nm for non polarized light. The dispersed light 
is then collected by a 85 mm diam eter concave camera mirror (CM2) 
which focuses the dispersed light through an electro-m echanical shu tte r 
(EMS) and a quartz window (QW) onto the CCD chip (CCD). The CCD 
cam era is placed such tha t the chip is directly in the focal plane of the 
instrum ent by means of a mounting flange a t the axial exit port of the 
spectrograph.
2.3 The polarization modulation system
As mentioned earlier, the polarization s ta te  of the incident laser 
beam is switched between right and le ft circular by a specially modified
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E lectro  Optic Developments (EOD) model 850-16 electro-optic m odulator. 
The major changes between this m odulator and the standard 850-16 
version are: (i) the m odulator was assem bled in such a way as to  
minimise strain on the crystal, (ii) the separation of the electrodes has 
been decreased to  improve the electric field uniformity, (iii) a larger 
crystal apperture of 16 mm was used and (iv) the tolerances on 
parallelism  between the optic (z) axis and the electrodes has been 
decreased. These changes have led to  the following change in 
specification: extinction ra tio  2700±200:1 for the modified 850-16 as 
com pared with 800±1 for the standard 850-16 version. The m odulator has 
a longitudinal electric field generated by gold ring electrodes mounted on 
the end faces of a potassium dideuterium phosphate (KD*P) crystal. It is 
driven by a Leysop 5000 series high voltage differential amplifier. This 
unit features individually adjustable positive and negative voltage limits 
and, when driven by a TTL pulse, generates an u ltra-stab le  bipolar high 
voltage square wave for switching the initially linearly polarized laser 
beam alternately between right and le ft circular polarization sta tes. The 
crystal is tem perature stabilised to within ±  0.1° by an EOD model TC 
150 tem perature controller. This is necessary to avoid any d rift effects 
caused by external tem perature changes since the voltage required to  
sw itch between the right and le ft circular polarization s ta te s  is 
dependent on the refractive index of the crystal which is a tem perature 
dependent property. A custom built electronics box ensures th a t the 
polarization modulation sequence begins in the right phase by timing out 
the modulation sequence if no pulse is applied afte r a time which is 
g rea ter than the normal acquisition tim e.
While the realization of the modulation scheme mentioned above is
fine for ICP ROA measurements it cannot be used for SCP or DCP ROA
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m easurem ents [23,263. In an a ttem pt to  overcome difficulties in the
alignm ent of the electro-optic m odulator used in traditional ICP 
experim ents Zimba et al. [743 employed a Soleil-Babinet com pensator to 
manually switch the polarization s ta te  of the incident laser beam between 
righ t and le ft circular polarization s ta tes  in order to  measure ICP ROA. 
Spencer and co-workers [213 employed a manually operated quarter wave 
plate to  measure the circularly polarized com ponent of the scattered  
radiation in their pioneering experim ents on SCP ROA. Hecht e t al. 
[23,273 subsequently used a similar experim ental se t-up  (with the quarter 
wave pla te attached to a motorized 360° rotator) to measure ICP, SCP 
and DCPj ROA. This system is perhaps the m ost flexible in th a t it
allow s all possible CP ROA experim ents to  be performed bu t it su ffers
from  serious problems with respect to  dead time in the aquisition 
sequence since it has to be mechanically switched between the right and 
le ft circular polarization states.
2.4 D etector and electronics
Our detection system is based on a W right Instrum ents Peltier cooled 
CCD camera system which consists of a camera head, a cam era 
electronics unit and a computer interface board. The camera head is 
fitted  with an EEV P86231/T (385X578 pixel, each pixel measuring 22X22 
pm) CCD which is thinned and back illum inated. It is cooled by a 4 stage 
Peltier cooler to give a CCD operating tem perature of around 200 K,
where the dark current is normally below 0.1 e lectrons/p ixel/second . 
W aste heat from the camera head is removed by air cooling assisted  by a 
fan. The camera head is operated in the full frame mode with the 
exposure time defined by opening and closing the mechanical shu tter. The 
charges from adjacent CCD pixels are added together on chip via a
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process called binning [753; our CCD uses serial binning which is 
illu s tra ted  in fig. 2.2. This is necessary because of the 2D nature o f the
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Fig. 2.2. Diagram of serial binning, adapted from 
ref. 75. (1) Photogenerated electrons are integrated 
in the parallel reg iste r. (2) Charge in the parallel 
register is shifted upwards by one row, causing 
charge from the top row o f the parallel reg ister to  
transfer into the serial reg iste r. (3) Charge packet 
A is transferred in to  the ou tpu t mode potential 
well. (4) Charge packet B is transferred  to  the 
ou tpu t mode and combined with charge packet A. 
(5) The combined charge packets are sensed by the 
on-chip am plifier and the ou tpu t mode potential 
well is rese t. (6) S teps 3 and 4 are repeated to  bin 
charge packets C and D.
CCD relative to  a diode array detecto r where the height o f the Raman 
spectrum  is covered by only one detecto r elem ent. In our instrum ent a 
typical Raman band is dispersed over ~ 75 CCD pixels (at saturation  on 
the s tro n g e s t Raman band). Reading o u t th is signal w ithout binning 
would generate 75 se ts  of read-ou t noise and significantly increase the
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aquisition time; binning reduces this to  one se t of read-out noise and is 
essential if ROA spectra with a high SNR are to  be obtained. The CCD is 
aligned with its short axis along the s lit axis of the spectrograph and its 
long axis parallel to the direction of dispersion which gives the maximum 
possible coverage of ~ 1200 cm 1 with 1200 g/m m  grating and 514.5 
excitation.
The camera electronics module contains three circuit boards. The 
main board contains power supplies and circuitry to handle the serial 
data links to  the computer interface. An auxiliary board contains the 
pow er supply and tem perature regulating control circuitry for the Peltier 
cooler and circuitry to control the shu tter. The CCD board contains all 
the circuitry to  bias and clock the CCD and to  amplify, sample and 
digitize the ou tpu t signals. Basic signal processing is accomplished by a 
variable gain 15-bit analog-to-digital converter tha t assigns numerical 
values ranging from 0 to approximately 32000 to each pixel. These values 
are referred to as ADC units. The system  gain, defined as the ratio of 
electron  counts (e~) per ADC unit, scales the full well capacity of the 
CCD to  the lim its of the ADC. We use minimum amplifer gain (g=l) 
corresponding to 29.6 e per ADC unit, generating a noise of 7.7 e per 
readout cycle.
2.5 Com puter control and softw are
A Dell system 325D AT com puter equipped with a 80386 processor, a 
80387 m aths co-processor, a W right Instrum ents interface board and a 
VGA m oniter is used to  synchronize the acquisition of Raman and ROA 
spectra  with the electro-optic modulation system  and the ROA box as 
depicted in fig. 2.3. This supports a custom ized version of the Lab Calc 
(Galactic Industries) spectral acquisition and manipulation program. The
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s tandard  Raman acquisition program has been modified by W right 
Instrum ents in order to  measure ROA. This package allows all the 
norm al spectral manipulations, such as sm oothing, to  be performed in a 
real tim e environment.
CCD
camera 
electronics box
electro -op tic  m odulator
monitor
com puter
amplifier
ROA boxu
Fig. 2.3. The electronic layout o f the Glasgow ROA instrum ent.
The wavenumber calibration for S tokes Raman sh ifts  across the 
chip is given by:
A v - 1° T ( t  -  (c-a)d ♦ X . ) ’ (21)0 c
w here X is the  exciting wavelength, X is the wavelength reading o f the o c
spectrograph, c is the pixel corresponding to  the  Xc reading, a is the
actual pixel and d is the  dispersion in nm /pixel across the chip,
calcu lated  by taking the difference in w avelength between two bands of 
known frequency and the difference o f their corresponding pixel
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positions. This procedure is accurate to  within ±  2 cm-1 for a-pinene 
which we use as an ROA standard and is equivalent to  the virtual 
channel method for calibrating multichannel Raman instrum ents as 
described by Hamaguchi [76].
2.6 The ROA acquisition sequence
The acquisition sequence is as follows: the ROA box ensures th a t the
am plifier is ready to receive the TTL pulse from the com puter. The
com puter then triggers the m odulator to  switch the incident laser beam
from  a linear polarization s ta te  to  a right circular polarization state ,
sim ultaneously the CCD shu tte r opens and the CCD sto res the right
circularly polarized Raman spectrum . The shu tte r closes, the chip is read
ou t and the data sent to  a Lab Calc memory (1). The chip is cleared and
the com puter then instruc ts the m odulator to  switch to  the
corresponding le ft circular polarization sta te  and also te lls  the CCD
sh u tte r  to  open. Data are acquired as before and stored  in a separate Lab
R  ICalc memory (2). The CID - 1^ between these spectra is calculated,
simply (1) - (2), and stored in memory (3). Memories (1) and (2) are
cleared and the process is repeated, with the CIDs being added together
in memory (3), until an adequate SNR is achieved. The CIS is ju s t the
sum of the last two data se ts  in memories (1) and (2) multiplied by the
R L R  Lnum ber of acquisitions. The resu ltan t raw I -  I and Iy ♦ I (we employ 
no sm oothing or enantiomeric subtraction [27]) spectra are then 
incorporated into a special tem plate where all the inform ation about the 
acquisition is displayed, and then p lotted , using a H ew lett Packard laser 
prin ter.
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2.7 Sample preparation
Sample preparation constitu tes a very im portant elem ent of a 
successful ROA study. Impurities can cause fluorescence which obscures 
the Raman spectrum , dust can upset ROA m easurem ents by causing 
variations in the intensity of the Raman spectrum  and d irt on the cell 
w alls can cause bright spots to form which may also lead to  variations 
in the intensity of the Raman spectra particularly a t low frequency due 
to  stray  light from Rayleigh scattering. C rystalline sam ples were either 
recrystallised or trea ted  with activated charcoal and the solution then 
filtered  through a Millipore filter (0.22 pm), to  remove dust, into the 
sam ple cell. The cell would normally have been cleaned with chromic acid 
and then washed several times with filtered m ethanol. Liquids were 
normally distilled and then transferred directly into the cell. Any residual 
fluorescence left a fte r this treatm ent could normally be "burned off" by 
exposure to the laser beam for a short period of time.
2.8 Control of arte facts
Experimental a rte fac ts  have plagued ROA m easurem ents from  their 
conception and indeed the firs t genuine observations of ROA were only 
achieved Cl 2] afte r the origin of the major sources of a rte fac ts  were 
understood in term s o f the polarization dependence o f the isotropic and 
anisotropic molecular polarizability contributions to  the scattering 
intensity as a function of scattering angle. Over the years several 
a ttem p ts have been made [26,55-57] to system atically analyse the main 
sources of ROA a rte fac ts ; however, they are still minimized using 
empirical trial and erro r procedures (vide infra).
Initially the electro -op tic  modulator is very carefully aligned and the 
quarter-w ave voltages established accurately using a Soleil-Babinet
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Hg. 2.4. Backscattered Raman and ROA spectra  of 
(♦)-trans-pinane recorded on the  G lasgow ROA Instrum ent 
described in th is  chapter. The Raman spectrum  a t  th e  top 
corresponds to  the  600 s ROA spectrum
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Fig. 2.S. Backscattered Raman (top) and ROA (bottom ) spectra  of 
(♦)—trans-pinane recorded on the o ld G lasgow ROA instrum ent 
equipped w ith a CCD. Adapted from  ref. 71.
1000 1200 U00oo
ooc
o
UJ 0
UJ
S - 1 0
Fig. 2.6. Backscattered Raman (top) and ROA (bottom ) spectra  of 
(♦)-trans-pinane recorded on the o ld  G lasgow ROA Instrum ent 
equipped w ith an intensified diode array. Adapted from  ref. 36.
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com pensator. ROA spectra of a-pinene were recorded and the Lyot 
depolarizer ro tated  until any artefact on the strongly polarized band a t 
667 cm 1 was minimized. Also all optical com ponents, with the exception 
of the camera lens, are constructed from high quality strain -free fused 
quartz to  minimise birefringence artefacts in the optical train.
2.9 Instrum ental performance
The backscattered ROA spectra of trans-pinane afte r 20, 60 and 600 
seconds are shown in fig. 2.4. These are compared with earlier 
backscattered ROA spectra of trans-pinane (figs. 2.5 and 2.6) one of 
which was recorded on a double-grating spectrograph [67] equipped with 
a CCD [71 ] and the other on the same spectrograph bu t with a diode 
array detecto r [36]. It is apparent tha t our spectra are significantly 
superior to both of these earlier spectra in term s of SNR and speed of 
acquisition. We would estim ate that we have achieved a factor of ~ 30 in 
term s of speed over the best previous ROA instrum ents based on diode 
array detectors. Another CCD based ROA instrum ent has recently been 
reported  by Nafie and co-w orkers [23,24,27]. Comparison of the ROA 
spectra  of alanine [24,49] reported for both these instrum ents leads us 
to  suggest th a t our instrum ent with an unthinned CCD [49] would still 
be a factor of 2-3 tim es faster than this o ther backscattering CCD 
instrum ent.
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3 ROA IN FORWARD SCATTERING
3.1 Introduction
In th is chapter the very first solution phase ROA spectra using a 
forw ard scattering geometry are reported [373. The normalised CIDs for 
backw ard (180°), forward (0°) and polarized (x), depolarized (z) and magic 
angle (*) righ t-angle (90°) scattered ICP ROA are given, within the 
original form ulation of Barron and Buckingham, by eqs. (3.1 a-e) [8,343
8[45aG ’ + 3(G’)2 - 3(A)2]  
2c[45a2 + 73(a)2]
A(0°) =-     —---- —  . (3.1a)
48[p(G ')2 + -3 (A )2 ]
A(180°) =      —  . (3.1b)
2c[45a2 + 73(a)2]
2[45aG* + 73(G’)2 ♦ 3(A)2]
A (90°) = -------------------------    . (3.1c)
c [45a2 ♦ 73(a)2]
12[3(G*)2 - 7 3 (A)2]
A (90°) = ---------------------------------- • (3.1 d)
z 6c3(a)2
-f-faaG* + 23(G’)2]
A (90°) =    —  * (3.1e)
y  [9 a 2 + 23(a)2]
where aG \ 3(G’)2, 3(A)2, a2 and 3(a)2 are defined as previously by eq.
(1.20). Common factors in the num erators and denom inators of eq. (3.1)
have not been cancelled so tha t the relative sum and difference
intensities can be directly compared.
Since these equations contain three different variables three linearly
independent ROA measurements are necessary in order to  ex tract
2 2inform ation regarding the relative contributions of aG \ 3(G’) and 3(A) to 
the generation of ROA in a particular Raman band. In principle the
m easurem ent of backscattered ROA together with polarized and
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depolarized 90° scattering constitutes a minimum set for the extraction
of th is inform ation (these are the three scattering configurations which 
m ost ROA spectra have been recorded with). However, as will become 
clear from  the following discussion, the m easurem ent of forward 
sca tte red  ROA is im portant in helping to  clarify certain ROA scattering 
m echanisms. It is also apparent, from the complexity of eq. (3.1), tha t 
theories which lead to  any further simplification of these CIDs and that 
in te rp re t ROA spectra in terms of simple models would be extremely 
attractive. Several theories have been proposed Cl ID but we will only 
consider the bond polarizability theory C8D.
3.2 The bond polarizability theory
The bond polarizability theory of ROA intensities [77] predicts tha t
for a m olecule composed entirely of idealised axially symmetric bonds the
2 2 •following relations are valid: P(G’) = 3(A) and aG* = 0. In this limit eq.
(3.1) reduces to:
A(0°) = 0 , (3.2a)
643(G*)2
A (180°) =
2c[4Sa2 + 73(a)2]  
163(G’)2
(3.2b)
A (90°) = (3.2c)
X
A (90°) =
83(G')2
(3.2d)
z 6 c 3 (a )2
(3.2e)
W ithin th is approximation, the ROA intensity in backward scattering is
four tim es th a t for polarized 90° scattering, a resu lt which has been 
confirm ed experimentally for trans-pinane [36]. Similarly trans-pinane also 
shows the predicted ratio of 2:1 for the polarized-to-depolarized 90° 
in tensities [78]. A crucial te s t therefore is to discover if trans-pinane 
shows zero ROA intensity in forward scattering as predicted by eq. (3.2a).
The bond polarizability theory is of course not expected to hold for 
m olecules th a t contain non-axially symmetric bonds such as 0 = 0  and 
C=C, a typical example being p-pinene. However, it has been found tha t 
m olecules containing oxygen or sulphur heteroatom s can also show large 
deviations from the predicted ratio o f 2:1 for the polarized-to-depolarized 
ROA intensities despite having axial symmetry in all the bonds. In the 
case of arylethanes [79] the presence of the non-axially symmetric 
arom atic ring is probably the main source of the observed deviation from 
the predicted 2:1 ratio. For chiral three-m em bered ring compounds such 
as substitu ted  oxiranes and thiiranes [80], even though the C—X (X= O 
or S) is formally axially symmetric, examination of an electron density 
map for these molecules shows th a t the bonds are in fact bent with 
m ost of the electron density lying o ff a straight line between the carbon 
and X atoms. For menthol and neothiom enthol [81] the deviation from 
the predicted 2:1 ratio is less easy to  explain in simple term s bu t may 
re su lt from isotropic scattering (vide infra).
3.3 Trans-pinane and the bond polarizability theory
The Raman circular intensity sum and difference spectra of 
(+)-trans-pinane in forward scattering (top pair) and backward scattering 
(bottom  pair) in the frequency range from 630 to  1070 cm-1 are shown in 
fig. 3.1. These spectra were recorded on an earlier ROA instrum ent [67] 
in which the intensified diode array de tecto r had been replaced by an
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Fig. 3.1. The forw ard scattered (upper pair) and backward 
scattered  (lower pair) Raman and ROA spectra of neat 
(♦)-trans-pinane. These spectra w ere recorded on the old 
Glasgow multichannel ROA instrum ent [673 equipped with a 
fro n t illuminated unthinned CCD. The experim ental conditions 
are given in ref. 37.
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unthinned fron t illuminated CCD. Firstly, as predicted by the 
denom inators of eqs. (3.1a) and (3.1b), the CIS spectra are virtually
identical in forward and backward scattering. The ROA spectra , however,
are dram atically different in accordance with the resu lt predicted by the 
bond polarizability theory. Few signals are observed in the forw ard 
sca tte red  ROA spectrum apart from the ROA band a t 775 cm" 1 which is 
sim ilar in both  forward and backward scattering with A(0°) * A(180°) * - 
7x10 4. The ROA observed in backward scattering is large and sim ilar in 
appearance as compared to the ROA measured in 90° scattering [78], bu t 
much more intense [36] as predicted by the bond polarizability theory. 
The band at 775 cm 1 is of particular in terest since it probably originates 
from  isotropic scattering, via aG \ associated with a characteristic 
pinane-type skeletal mode, and shows a correlation with the equivalent 
band in (3-pinene (vide infra).
3.4 (3-pinene: isotropic scattering associated with the methylene tw ist
The Raman circular intensity sum and difference spectra  of 
( - ) -3_pinene in forward scattering (top pair) and backward scattering 
(bottom  pair) in the frequency range from 630 to 1070 cm 1 are shown in
fig. 3.2. The CIS in forward and backward scattering are, as expected
from  the previous discussion, alm ost identical. The backscattered CID is 
virtually identical to the corresponding depolarized 90° spectrum  [34,82] 
while the forward scattered spectrum  is completely different. M ost of 
the ROA signals in the backscattered spectrum  have either disappeared or 
are much reduced in the forward scattered  spectrum . This is a not an 
unexpected resu lt since only if the normal mode contained significant 
contributions from the C=C group would significant ROA be expected in 
forw ard scattering within the bond polarizability theory. However, a large
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Fig. 3.2. The forw ard scattered  (upper pair) and backward 
scattered  (lower pair) Raman and ROA spectra of neat 
(-)-£-plnene. These spectra  were recorded on the old Glasgow 
m ultichannel ROA instrum ent £673 equipped with a fron t 
illum inated unthinned CCD. The experim ental conditions are 
given in ref. 37.
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ROA couplet with A(0°) * ±  2x10~3 appears in the bands a t 716 and 765
cm 1 in the forward scattered spectrum  tha t is com pletely absent in the
backward scattered spectrum. The polarized and magic angle 90°
scattered  ROA spectra of (i-pinene also show this couplet. Its absence in
the corresponding depolarized ROA spectrum  was explained by Barron and
Escribano [82] in term s of a large electric quadrupole contribution, with 
2 23(A) = 33(G') , associated with olefinic deformations. This conclusion was 
based on the assumption tha t the isotropic term, aG’, makes negligible 
contributions to the polarized ROA. This assumption was justified a t the 
time because there was no direct experimental evidence for any 
significant isotropic contributions in o ther polarized ROA spectra and aG’ 
does vanish identically within the bond polarizability theory. Barron and 
Escribano [82] did, however, emphasize tha t isotropic scattering could 
no t be ruled out as the source of this ROA couplet and th a t 
m easurem ents at other scattering angles would be necessary to  provide 
fu rther experimental evidence to  distinguish between these two 
possibilities . The results given above can only be reconciled with the 
earlier 90° measurements if this couplet originates in alm ost pure 
isotropic scattering. This conclusion is reinforced by the CID A-values 
which are predicted by eqs. (3.1a) and (3.1c) to  be twice as big in 
forw ard scattering as they are in polarized 90° scattering if the ROA 
originates from pure isotropic scattering . This is what is found,w ithin 
experim ental error, if the A(0°) given above is compared with the Ax(90°) 
values which can be estim ated from fig. 1 of ref. 82 to  be ± . 1x10
A vibrational assignment for these two Raman bands was proposed by 
H echt and Barron [341. They suggested tha t the olefinic methylene tw is t 
makes a significant contribution to  the Raman band a t 716 cm and as 
discussed previously the Raman band a t 765 cm can be assigned to  a
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characteristic  pinane-type skeletal mode. They therefore ascribed the 
origin o f this ROA couplet to  interactions between this tw ist and the 
skeletal mode. In the DJh point group of ethene (table 3.1) the methylene
C 2v E  C 2 ° v ( x y )  ° v ( y z )
A , 1 1 1 1 Z
2 2 2 x, y ,z
At 1 1 - 1 - 1 Rz xy,G*atct
B , 1 - 1  1 - 1 x,Ry xz
B * 1 - 1  - 1 1 * 'Rx yz
oca = xx, yy or zz
D2h E C2(z) C2(y) C2<x) i c(xy) c(xz) o(yz)
A 1 1
B* 1 1 is
1 1 1 1 1 1 2  2  2  X , y , z
-1 -1 1 1 -1 -1 Rz xy
B, 1 -1
2 g
1 — 1 1 ~1 1 -1 R , y xz
B, 1 -1 
A 1 1u
B 1 1lu
-1 1 1 “1 ”1 1 k
X yz
1 1
-1 -1 1
-1
1 Z
G*oca
B, 1 -12u
B, 1 -13u
1
1 -1 1 1
1
-1
y
X
aa  = xx, yy or zz
Table 3.1. Character tables for the point groups (top) and 
D„. (bottom ).2n
tw is t transform s as Au while in a structu re  of CJv symmetry (table 3.1) 
it  transform s as A .. Both these irreducible representations are spanned 
by the tensor components G ^ ,  G ^  and G*z z  (vide table 3.1). A 
fundam ental Raman scattering transition associated with the methylene 
tw is t is therefore allowed through G\ the isotropic part of the axial
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electric dipole-magnetic dipole optical activity tensor, even in the parent 
s tru c tu re  of highest symmetry (D2h). Hence, significant isotropic ROA, via 
aG’, might be expected if the effective symmetry of the olefinic group is 
reduced to tha t of a chiral point group as in (5-pinene so tha t a, the 
isotropic part of the polar polarizability tensor, can also contribute to  
Raman scattering in the methylene tw ist. This condition (a Raman 
transition  allowed through G' in a high-symmetry parent structu re  bu t 
only through a owing to chiral perturbations) is a particularly favourable 
experim ental situation because large ROA intensity could be generated in 
association with a weak Raman band. An analogous situation exists in 
conventional electronic CD studies where a magnetic dipole allowed 
transition  is present in a high-symmetry chromophore and the parallel 
electric  dipole transition is induced by the chiral environment so tha t the 
CD is associated with a weak absorption band, the classic example being 
the n->7r transition of the carbonyl chromophore 183.
As discussed earlier, the Raman band at 775 cm 1 in the Raman 
spectrum  of trans-pinane arises from a pinane-type skeletal mode in a 
sim ilar fashion to the 765 cm”1 band in p-pinene. It is gratifying 
therefore that the isotropic ROA associated with this band in the forward 
scattered  spectrum of (+)-trans-pinane has the opposite sign to tha t 
observed for the similar band in (-)-p-pinene, since the pinane skeletons 
have opposite absolute configurations in these two molecules.
3.5 Conclusions
The experimental resu lts  for trans-pinane indicate th a t the bond 
polarizability theory of ROA intensities appears to be a justified 
approximation for pure saturated  hydrocrabons within the original theory 
of ROA. The small effects observed in the forward scattered  ROA
- 43 -
spectrum  probably originate from isotropic scattering.
Large isotropic ROA contributions in forward scattering have been 
unequivocally identified for p-pinene. If they are associated with the 
methylene tw ist we would expect to  find significant isotropic ROA in 
tw ist and torsion modes o f other molecules if the mode transform s the 
same as the isotropic optical activity tensor invariant G* in a parent 
s truc tu re  of higher symmetry. Polarized and depolarized ROA data are 
available [833 for (-)-caryophyllene, (-)-m ethylene menthane and 
(-)-3-methylmethylenecyclohexane. Each of these molecules, like P-pinene, 
contains an exocylcic double b o n d . The firs t two of these molecules 
exhibit an ROA couplet which disappears on going from polarized to  
depolarized ROA whereas the la st one does not. Since this behaviour 
closely resembles tha t of p-pinene we would expect significant forw ard 
scattered  ROA intensity fo r caryophyllene and methylene menthane.
Fig. 3.3. The struc tu res  of (-)-m ethylene menthone (left) and 
(-)-3-methylmethylenecyclohexane (right).
However, since the s tructu res of methylene menthane and
3-methylmethylenecyclohexane are so closely related (fig. 3.3) It may be 
th a t isotropic ROA is generated by a more complex mechanism than th a t 
described above.
It has been suggested th a t ROA measurem ents could be obtained
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using coherent Raman techniques [84-90]. Only one a ttem p t has been 
reported, th a t of Schneider et al. [87,90], who failed to  detect any ROA 
in a coherent anti-Stokes Raman (CARS) experiment on the 1002 cm”1 
breathing mode of (+) and (-)-l-phenylethylam ine. Since the CARS 
experim ent essentially measures ROA in forward scattering this is not an 
unexpected resu lt since our studies have shown tha t forward scattered 
incoherent ROA measurements are the least favourable of all the possible 
ROA experiments unless there is a significant isotropic contribution. It 
has also  been shown theoretically [84] tha t coherent ROA vanishes within 
the bond polarizability (two-group) model. We therefore suggest that 
fu tu re  attem pts to  observe CARS ROA be concentrated initially on the 
716 and 765 cm”1 bands in p-pinene, which are highly favourable on 
account of the large isotropic contribution to the ROA exhibited by these 
tw o bands.
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4 ROA OF ALANINE
4.1 In troduction
The word protein is taken from the Greek proteios, meaning first, 
which reflec ts  the view that they probably form the m ost im portant class 
of chemical compounds. They are found in all living cells and are the 
principal m aterial of skin, muscles, tendons, nerves, and many hormones. 
P roteins are derived from 23 naturally occuring a-am ino carboxylic acids 
of general s truc tu re :
Only two exceptions to this s truc tu re  exist, namely proline and
4-hydroxyproline, where the side chain is bonded to  the nitrogen atom to 
give an imino acid:
COOH
H
H
I
COOH
R=H or OH
H
H
N eutral amino acids are known to  ex ist as zw itterions in aqueous 
solution in which there has been proton exchange between the COOH and 
NH2 groups. Stereochemical studies of these naturally  occuring amino
acids have shown that they all have the same absolute configuration 
about the carbon atom carrying the alpha amino (imino) group, and tha t 
th is configuration is the same as tha t in L-(-)-glyceraldehyde (fig. 4 .1). 
W ithin the Cahn-Ingold-Prelog convention the group R always happens to 
have a lower priority than COOH; thus all naturally occuring amino acids 
exhibit the S configuration.
Fig. 4.1. Absolute stereochem istry of amino acids (left) in 
relation to  L-(-)-glyceraldehyde (right).
W hen linked together these amino acids offer an enormous number of 
possib le s tructu ra l permutations. The solution conform ation adopted by 
these amino acids both individually and when joined is o f extrem e 
chemical significance since it determines the secondary s truc tu re  of 
p roteins. For example, alanine and leucine have been found to  stabilise 
the a-helix  structure, which is one o f the prom inent secondary 
conform ations available to proteins, the o thers being p-sheet and random 
coil, w hereas glycine and proline destabilise it C913.
The sim plest chiral amino acid, alanine (2-aminopropionic acid) has 
been the  subject of extensive vibrational studies, mainly in the solid 
s ta te , which makes it  an alm ost ideal molecule for ROA studies since a 
com plete vibrational analysis, which is necessary to  deduce the origins of 
the ROA, is available. For our purposes the m ost im portant articles are 
one by Diem e t  al. t92] who performed a detailed vibrational analysis of 
alanine based primarily on solution-phase Raman spectra and a
COOH CHO
H H
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Urey-Bradley normal coordinate analysis; one on interm olecular vibrational
coupling in crystals of DL-alanine by K ettle and co-workers [93 ]; tw o
m id-infrared VCD studies of alanine in HjO and DzO by Diem [943 and
by Freedman et al. [953; a VCD study by Zuk et al. in the CH stretch ing
region of a-am ino acids as a function of pH [963; an infrared and Raman
study by Byler and Susi [973 which identifies the C*-H deform ation
( bending) modes; a normal coordinate analysis by Susi and Byler [983
based on the Raman spectra of several polycrystalline alanine isotopom ers
and an infrared study by Percy and Stenton [993 which investigated the 
IS 18effec ts  of N and O substitution on the spectrum of alanine. It should 
also be mentioned that ROA data (acquired in depolarized 90° scattering) 
for several bands of alanine in w ater is presented in a doctoral thesis by 
Hohmann [1003, bu t the instrum ental sensitivity was marginal. Nafie et 
al. [243 have recently presented a backscattered DCPj CCD spectrum  of 
alanine in the frequency range discussed in this work but only a ttem pted  
an analysis of the origin of ROA in two bands. This chapter contains a 
full vibrational analysis of L-alanine based on comparisons between the 
experim ental Raman and ROA spectra measured over a range of pH 
values and theoretical Raman and ROA spectra of alanine at pH=7.0.
4.2 Vibrational analysis of alanine
The vibrational analysis of alanine, which exists as a zw itterion in 
neutral solution, has provoked extensive disussion in the litera tu re . 
A lthough the spectra of alm ost every possible isotopom er have been 
carefully  studied the vibrational assignm ents for some bands s till remain 
unsatisfactory. The effect of selected isotopic substitu tions on the Raman 
and infrared frequencies of the parent molecule is summarised in table 
4.1. In an attem pt to clarify the situation Prof. P. L. Polavarapu, a t
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Table 4.1 Effect o f isotopic substitu tion on the vibrational frequencies 
of alanine
mode
assignment*
Ala-d*0 Ala-C*-d*l Ala-C-d* Ala-N-d* Ala* Ala-Nis* A la-O 1**
s*n h !3 164Sb 1645b 164Sb 1190b
S*NH3 1625b 1625b 162Sd U 80b 1621 1619 1611
v*COO" 1607c 1607c 1607° 1607 1590 1S90 1S77
1498b 1498b 1498b 1145b ISOS 1502 ISOS
s*c h 3 14S9 1456 1038 1461 14SS 14SS 14SS
S*c h 3 1459 14S6 1038 1461 14SS 14SS 14SS
v*COO~ 1410 1407 1402 1409 1412 1412 1402
s*c h 3 137S 1373 1050 137S
SC*-H 1351 9S9 1347 1337 1362 1362 1354
SC*-H 1301 880d 1291 1291 1307 1307 12%
cnh ; 1220 1211 1220 874 1237 1234 1237
cnh ; 1145 1158 1165 840 11S2 1148 11 SO
v*CCN 1110 1079 1109 1148 1114 1112 1111
vCC(02) 100tb 1010 941 1097 1014 1011 1014
Cc h 3 S t/i o
r
lOOOsh 820 10S5
CCH3 922 899d 758 920 919 916 911
v*CCN 850 823 921 812 850 847 835
yCO O ' 775 747 778 772 772 767
SCOO" 640 63S 610 613 649 649 634
S* antisym. bend, v* antisym . s tre tch , S* sym. bend, £ rocking, y 
wagging, a  Solution phase Raman frequencies from  ref. 92, b  S o lid -sta te  
o r infrared frequencies from ref. 92, c  Solution frequency of 
alanine-N-d3 in DzO from  ref. 92, d These modes are accidentally 
degenerate in solution bu t clearly sp lit in the  soild phase see ref. 92, e 
Infrared frequencies from ref. 99.
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V anderbilt University, has performed an ab initio vibrational analysis and 
ROA intensity calculation at the self consistant field (SCF) [40] level 
w ith both  the 6-31G and 6-31G basis sets. Only the combination of his 
numerical resu lts  with the experimental data yields plausible vibrational 
assignm ents for zwitterionic alanine [49,501.
It is well known that ab initio vibrational frequencies a t the SCF 
level are approximately ten to  twenty percent higher than the 
corresponding experimental frequencies [101]. They can be brought into 
closer correspondence with the experimental frequencies in a number of 
ways: the m ost satisfactory is to perform a more sophisticated version of 
the ab initio  calculation with the inclusion of the effects of configuration 
interaction [1011; others involve the use of scaling factors on the ab 
initio  force constants. There are two possible procedures for doing this: 
(i) a constan t scaling factor which does not affect the predicted 
vibrational intensities or more importantly the normal mode com positions 
or (ii) multiple scaling factors which do affect the predicted vibrational 
in tensities and normal mode compositions. We do not com m ent on the 
validity of either scaling method [102,103] but base our correlations on 
the comparison of the calculated and observed relative intensity patterns 
and lim it our discussion to  the region 700-1700 cm 1 for which we have 
reliable ROA data. Our suggested correlations between the experimental 
band frequencies and the frequencies of the 6-31G theoretical values are 
listed in table 4.2.
In the ~ 750-1250 cm-1 region of the experimental Raman spectrum  
of alanine in w ater (pH * 7)( fig. 4 .2), the band at 850 cm "1 is intense 
while those a t 775, 922, 995, 1001, 1110, 1145 and 1220 cm”1 are relatively 
weak with similar intensities. This same pattern is also found in both the 
6-31G [49] and 6-31G* theoretical Raman spectra of alanine (fig. 4.3). We
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Table 4.2 Comparison of the experimental and ab initio  theoretical ROA 
param eters fo r alanine*
Experimental Ab initio 6-31G A ssignm ents
Frequency A(180°M 04 Frequency A(180°)xl04 6-31G* This work
(cm 1) (cm-1)
775 -11.7 838 -0.7 COO wag+sym 
COO bend
COO-
wag
850 -2.4 881 -2.6 C -N stretch+sym  
COO bend
see tex t
922 ♦17.7 942 ♦6.5 C*-C(0) stre tch^ 
COO- bend+ C*-N 
stre tch
C*-C(Oz)
stre tch
995
-7.0
1060 -0.4 NH* rock+ CH3 
rock
NH* rock 
/C H 3 rock
1001 1080 -9.8 NH* rock+ CH3 
rock+ C*-C(H3) 
stre tch
NH* rock 
/C H 3 rock
1110 ♦4.1 1164 ♦14.3 NH* rock+ CH3 
rock+ C*-N s tre tch  
♦C*-C(H3> s tre tch
NH* rock
1145 ♦14.8 1205 ♦2.7 C*H bend+ CH3 rock 
+NH* rock
CCN
stre tch
1220 -3.4 1314 -18.0 NHt rock+ CH3 rock 
♦C -C(H 3> s tre tc h
NH* rock
1301 ♦4.0 1395 ♦11.2 sym NH* bend+ C-O 
stre tch^  C*H bend
C*H bend
1351 -2.6 1447 -21.7 C*H bend+ NH* rock C*H bend
1375 -0.6 1568 -3.5 sym CH3 bend sym CH3 
bend
1410 -2.4 1501 -12.5 C*H bend+ COO- 
torsion
sym COO 
stretch
14S9 -0.7 1639 -2.7 asym CH3 bend asym CH3 
bend
1459 ♦3.0 1641 ♦4.1 asym CH3 bend asym CH3 
bend
a adapted from ref. 49.
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notice th a t the predicted 881 cm”1 mode in the 6-31G* spectrum  exhibits 
the la rgest intensity with those predicted at 838, 942, 1060, 1080, 1164, 
1205 and 1314 cm 1 relatively weak with similar intensity (this same 
p atte rn  is also observed in the 6-31G theoretical spectrum  [49]). We 
therefore have confidence in the correlation of the experimental band a t
850 cm 1 with the 6-31G mode at 881 cm ^ The remaining experimental
bands can then be correlated with the remaining theoretical modes in 
their corresponding order of frequency. However, some uncertainity exists 
in th is procedure since the theoretical ordering of modes does not always 
need to  match th a t of the experimental spectra, bu t the relative
in tensities are too similar to use as a reliable criterion for correlation. 
The ROA spectrum  can play an important role here since the sign of the 
ROA bands provides an additional criterion for the correlation. We shall 
see th a t a comparison of the experimental and predicted ROA signs
suggests th a t our predicted ordering of this se t of modes is correct for 
both  basis sets.
Correlations of the experimental bands in the region ~ 1250-1700 
cm "1 a t neutral pH with the ab initio results is not as satisfactory as in 
the lower frequency region, and it is useful to  invoke the assignm ents of 
Diem e t al. [92], K ettle and co-workers [93], Byler and Susi [97] and
Percy and Stenton [99] in this region since they all make use of valuable
isotopic data.
The experimental Raman bands at 1301 and 1351 cm 1 have been 
assigned by Diem e t al. [92] and by Byler and Susi [97] to  orthogonal 
C*-H deformation (bending) modes. However, the isotopic substitu tion 
data suggests significant contributions from NH* bending motions since 
these bands sh ift to 1291 and 1337 cm”1 (vide table 4.1) in the Raman
spectra  of alanine in DzO where the NH* group has been replaced by the
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ND* group [923. A similar shift to lower frequency upon NH* deuteration 
has also been observed for the corresponding bands in DL-alanine 
crystals  [93]. The lower frequency band must also contain contributions 
from the methyl group since it shifts to 1291 cm "1 (vide table 4.1) upon 
deuteration of the methyl group. The infrared spectra of O18 labelled 
alanine in the region 150-1700 cm"1 [99] suggests th a t both these bands 
are also coupled to  the symmetric COO" stretching vibration. It should 
be noted th a t Percy and Stenton [99] have misassigned the 1362 cm "1 
infrared band of alanine to a methyl symmetric deform ation (bending) 
mode, which is a fairly weak infrared band, rather than correctly to  the
41C -H  deform ation (bending) mode (see Byler and Susi [97] for a 
discussion of the assignment of this band). These extensive vibrational 
couplings are in disagreement with the conclusion of Diem et al. [92] 
th a t the Raman spectra of alanine can be interpreted well in term s of 
group frequencies and predominantly local modes (vide infra). Correlation 
of these modes with the 6-31G theroetical modes is d ifficult and will be 
discussed later.
The experimental Raman bands at 1375 and 1459 cm 1 were assigned
by Diem et al. [92] and by Byler and Susi [97,98] to  methyl deform ation
(bending) modes, again using isotopic data. This is supported by the 
assignm ents of Kettle and co-workers for the corresponding bands in 
crystalline DL-alanine [93]. The 1375 cm”1 band is due to  the symmetric 
methyl deform ation (bending) mode and correlates with the 6-31G mode 
a t 1563 cm”1. The 1459 cm”1 band is due to  the nearly degenerate pair of 
antisym m etric methyl deformation (bending) modes and correlates with 
the 6-31G* modes a t 1639 and 1641 cm”1, respectively.
The experimental Raman band a t 1410 cm 1 has been assigned by
Diem e t al. [92] and by K ettle and co-workers [93] to  the symmetric
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COO” stretching vibration, while Percy and Stenton C99] and Susi and 
Byler [98] have postulated extensive vibrational mixing of this mode with 
the orthogonal C -H  deformation (bending) modes. It is perhaps w orth 
noting th a t previously Byler and Susi [97] also assigned this mode to  a 
group frequency of the carboxylate group (their normal coordinate 
analysis may therefore be flawed in its interpretation of the origin of 
th is band). The isotopic data of Diem et al. [92] (vide table 4.1) suggest 
th a t this mode is also slightly coupled to  a vibration of the methyl 
group (probably the symmetric deformation (bending) mode) since it 
sh ifts  8 cm 1 to  lower frequency upon deuteration of the methyl group 
and also  to a lesser extent to the orthogonal C*-H deformation (bending) 
modes. The ratio  of the frequencies of the symmetric COO” stretch  to  
the antisym m etric COO stretch, vs / va> exhibits the value 0.88 in 
crystalline alanine and glycine [104]. If this value were to change upon 
isotopic substitu tion  as in nitromethane (0.90 in the d Q species and 0.88 
in the  d 3 species [105]), for example, then two possible explanations can 
be invoked [106]: either coupling of the COO symmetric stretch  with 
the stretching modes of the attaching bonds, i.e. C-COO , or non 
sym m etric hydrogen bonding. The agreement for glycine and alanine of 
th is ratio  is not unexpected for crystals where packing considerations 
predom inate bu t would suggest tha t the symmetric COO~ stretching 
mode is not coupled to the stretching modes of the adjacent bonds. In 
a lan ine-N -d3 one would expect non symmetric hydrogen bonding between 
the ND* and COO" groups according to the argum ents of Zuk et al. [96] 
and hence v /v  /  0.88: however, v /v  = 0.88 (vide table 4.1), which
a a  »  a
w ould tend to  cast doubt on the ring current mechanism of VCD 
in tensities (vide infra). Unfortunately, lack of data for the other 
iso topom ers, where the antisymmetric COO- mode is difficult to  identify
in the  Raman spectrum due to its weakness, rules out any definite 
com m ent on the nature of hydrogen bonding in solution for alanine, bu t 
based on the above discussion and the Raman data for alanine in 
>6N-HCL (vide infra) it is highly probable tha t this mode is indeed an 
islo lated  COO symmetric stretch. The 6-31G* theoretical calculation
does not help much here since although the modes a t 1523 and 1501 cm-1 
contain vibrational contributions from the COO” group, in neither of 
them  does the COO symmetric stretch  dominate. The combined Raman 
in tensity  of these two theoretical modes would correlate with the large 
Raman intensity observed in the experimental 1410 cm 1 band, but it is 
no t sufficiently large to supress the intensity of the antisymmetric 
methyl deform ation (bending) modes, which is in conflict with the 
experim ental observations. The Raman band observed at 1410 cm 1
exhibits significantly larger intensity than the one at 1459 cm *. It should
also be noted that, while the experimental bands due to the methyl
sym m etric and antisymmetric deformations (bends) are separated by the 
1410 cm "1 band, the 6-31G* theoretical methyl deformation (bending) 
modes are adjacent. Hence the predicted ordering of these modes is not 
correct. They have to be re-arranged in order to  achieve a satisfactory 
correlation with the experimental Raman bands.
Substitu tion of the COO” group in L-alanine by a CH2OH group 
form ally yields L-alaninol. The Raman spectrum  of neat L-alaninol (vide 
fig. 4.8 in section 4.5) shows no band a t ~ 1410 cm 1. This observation 
supports our assignment of this band in alanine to a normal mode 
associated with the COO" group. Significantly the antisymmetric methyl 
deform ation (bending) mode is the m ost intense band in the Raman 
spectrum  of alaninol bu t this may arise from interactions between this 
mode and an adjacent CH£ bending mode. Another possible explanation is
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Fermi resonance of the alanine antisymmetric methyl deform ation 
(bending) mode with either an overtone or combination mode. A sim ilar 
s itua tion  may occur in arylethanes where the antisymmetric methyl 
deform ation (bending) mode interacts with an aromatic ring mode to  
generate an ROA couplet [79]. Analysis of the data for alanine, however, 
su ggests  th a t an overtone cannot be involved since none would occur in 
the co rrec t spectral region, while the lack of a frequency sh ift upon 
isotopic substitu tion  suggest either a skeletal mode or one involving the 
COO group. Two plausible possibilities are the combination mode y 
COO + 8 COO (using the notation of Diem et al. [92] and table 4.1)
which would occur a t 1415 cm 1 or the difference mode v COO -  ta
COO which would exhibit a frequency of 1423 cm i. Either of these
modes could then interact with the antisymmetric methyl deform ation
(bending) mode a t 1459 cm 1 because there are no symmetry restric tions 
in a Ct symmetry molecule, reducing its intensity and boosting the 
in tensity  of the symmetric COO stretching vibration which would have a 
sim ilar frequency to  the other half of this Fermi resonance doublet.
4.3 ROA of alanine
The Raman (top) and ROA (bottom) spectra of L and D alanine in 
w ater (pH*7) are shown in fig. 4.2. One point to note is the alm ost 
perfec t reflection symmetry between these two spectra as would be 
expected for opposite enantiomers. The Raman (top) and ROA (bottom ) 
spec tra  of alanine in >6N-HC1 (pH^O), >6N~NaOH (pH^14) and 1N-HC1 
(pH«3) and lN-NaOH (pH*9) are shown in figs. 4.4, 4.5 and 4.6, 
respectively.
Begining a t the low frequency end of the experimental ROA spectrum  
of L-alanine in water (vide fig. 4.2) we observe small negative ROA
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Fig. 4.2. Backscattered Raman (top) and ROA 
(bottom) spectra o f L and D-alanine in H20 . These 
spectra were recorded with a front illuminated 
unthinned CCD using the spectrograph described in 
chapter 2. The experimental conditions are given in 
ref. 49.
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Fig. 4.4. Backscattered Raman (top) and ROA (bottom ) 
spectra o f L-alanine in >6N-HC1. These spectra were 
recorded on the instrum ent described in chapter 2. 
Experimental conditions: exposure time 2 s, laser power 
650 mW, acquisition time 3 hours, s lit  width 0.12 mm.
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Fig. 4.S. Backscattered Raman (top) and ROA (bottom ) 
spectra o f L-alanine in >6N-NaOH. These spectra  were 
recorded on the  instrum ent described in chapter 2. 
Experimental conditions: exposure tim e 1.5 s, laser power 
650 mW, acquisition time 3 hours, s lit  width 0.12 mm.
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in tensity  in the  band a t ~ 650 cm * which has been assigned  by Diem e t  
al. C923 and by Susi and Byler [98 ] to  a bending m ode o f  th e  CO O - 
group, th is disappears in the ROA spectrum  in >6N-HC1 w here th e  COO-  
group has been p ro tonated  (fig. 4.4) and also in th e  sp ec tru m  in 
>6N-NaOH (fig. 4.5) which su g g es ts  th a t the ROA arises  from  
in teractions betw een the  COO~ and NH* groups.
(IN HCt]
c m * 1 cm
X
14-001200100080014001200800 1000
Fig. 4.6. B ackscattered  Raman (top) and ROA (bottom ) sp e c tra  o f 
L-alanine in 1N-HC1 (left) and lN -N aO H  (right). These sp e c tra  w ere 
recorded  w ith  an unthinned f ro n t illum inated CCD using th e  
spectrograph  described in ch ap te r 2. The experim ental cond itions are 
given in ref. 49.
The f irs t Raman band fo r which we have a corresponding  th eo re tic a l 
calculation occurs a t 775 cm "1 and exhib its negative ROA in ten sity . I t  has
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been assigned by Diem e t  al. [92] and by Susi and Byler [9 8 ] to  th e  
COO wagging mode. The corresponding band o f c ry sta llin e  D L-alanine 
has been identified as a COO bending ra ther than  w agging m ode [93]. 
The 6-31G calcu la tion  su p p o rts  bo th  these assignm ents since b o th  m odes 
co n trib u te  to  the  theore tica l mode a t 838 cm l , and co rrec tly  p red ic ts  the 
negative ROA in tensity . Perhaps equally im p o rtan t is th e  ag reem en t 
betw een  the  theo re tica l calculation and the iso top ic  su b s titu tio n  data. 
This band sh ifts  to  747 cm 1 upon deuteration  o f th e  CH group. The 
calcu la ted  norm al m ode has com ponents assoc ia ted  w ith  th e  C*-H  
deform ation  (bend) and a sym m etric C (where the  * re fe rs  to  th e  chiral 
carbon) bend (shown in fig. 4.7) which agrees w ith  th e  iso to p ic  data .
/  — x
/
£
Fig. 4.7. P ictorial rep resen ta tion  of th e  sym m etric C bend.
A dapted from  ref. 106
Sim ilar Raman and ROA featu res appear in th e  sp ec tra  o f  alan ine in 
>6N-NaOH (fig. 4.5) which is co n sis ten t w ith th e  COO g roup  rem aining 
unpro tonated  w ith  approxim ately  the sam e conform ation  as a t  n eu tra l pH. 
H owever, in th e  Raman spectrum  o f the  >6N-HC1 so lu tio n  (fig. 4.4) th is  
band sh if ts  to  a low er frequency, 746 cm b u t m ain tains th e  sam e 
negative ROA p a tte rn . This su ggests  the norm al m ode now  con ta in s 
con tribu tions from  th e  COOH group, which is su p p o rted  by an  ab in itio  
calcu la tion  on neu tra l alanine which predicts a band w ith  negative ROA 
in tensity  in th is  region arising from  the  o u t-o f-p la n e  carbonyl 
deform ation  p lus th e  O -H  torsion .
The nex t band a t  850 cm”1 exhibits negative ROA in ten s ity  and
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appears based on corresponding isotopic d a ta , to  be a com plex m ixture
of d iffe ren t norm al modes. It has been assigned by Diem e t al. [92] and
by K ettle  and co -w orkers  [93 ] to  the  sym m etric CCN s tre tc h  by analogy
to  its  s tru c tu ra l and m ass equivalent the isopropyl group, w hereas Susi
and Byler [98 ] p refer an assignm ent to  a m ethyl rocking m ode. The 
£
6-31G calcu la tion  supports  both  these assignm ents, p redicting the
la rg e s t con tribu tion  (53%) from  the sym m etric CCN s tre tc h  w ith a 12%
con tribu tion  from  a m ethyl rocking mode. Again as w ith  the  band a t 775
cm 1 th e  calcu la tion  sup p o rts  the isotopic data, p red ic ting  additional
con tribu tions to  the norm al mode com position from  a sym m etric COO
bending mode and the COO wagging mode. This band sh if ts  by 15.5
cm [99] in th e  O su b stitu ted  alanine infrared sp ec trum  and by 29
cm 1 in the Raman spectrum  of alanine in >6N-HC1 w here the  COO
group is p ro tonated , b u t s till show s negative ROA in tensity . This
su p p o rts  the hypothesis th a t the COO group does co n trib u te  to  the
norm al mode a t  850 cm 1. The calculation on neutral alanine does p red ic t
a band w ith negative ROA in tensity  in th is region arising from  the
%o u t-o f-p la n e  carbonyl deform ation plus the C -C (0 2) s tre tch . A sim ilar 
negative ROA band is observed in the >6N-NaOH so lu tion  which su p p o rts  
the assignm en ts  above.
The next tw o bands in the  experim ental Raman spec trum  a t 922 and 
1000 cm 1 will be d iscussed  together. Diem e t al. [92] assign  th e  f irs t o f 
these  bands to  a m ethyl rocking mode and the second to  a m ethyl rock 
a t 995 cm "1 p lus a C * -C (0 2) s tre tch  a t 1001 cm 1 (tw o bands are 
observed a t th is  frequency in the solid s ta te  Raman spec tru m  of alanine 
[92]). A w ell characterized  ROA couplet, positive in th e  low er frequency 
band and negative in the  higher, appears in the sp ec tra  o f alanine in 
w ater and >6N-HC1 solu tion . However in >6N-NaOH so lu tio n  the  negative
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ROA signal is much reduced in in tensity  and the p a ren t Raman band
itse lf  sh ifts  to  higher frequency. At f irs t glance it w ould be tem pting  to
think o f th is coup let as arising from  sym m etric and antisym m etric
com binations of the  tw o orthogonal methyl rocking coord ina tes. The 
$
6-31G calcu lation  on the o ther hand predicts bo th  signs co rrec tly  b u t
su g g ests  a d iffe ren t origin for the ROA. The theore tical band a t 942 cm "1
$is predic ted  to  arise predom inantly from  the C - C ( 0 2> s tre tch in g  
vibration w ith additional contribu tions from  the COO~ bend and C*-N 
s tre tc h  b u t li ttle  con tribu tion  from the methyl rocking m odes. The nex t 
tw o theo re tica l m odes a t 1060 and 1080 cm respectively , corresponding  
to  the  experim ental bands a t 995 and 1001 cm 1 (solid s ta te  frequencies), 
are predicted to  be essentially  com posed of NH* and m ethyl rocking 
modes. These theore tica l assignm ents are reinforced by th e  assignm ent o f 
the corresponding tw o bands in crystalline DL-alanine [93] to  a C—C
stre tc h  and m ethyl rocking m odes, respectively. The d a ta  fo r the 
>6N-NaOH so lu tion  su g g est th a t the  primary source o f ROA in the
so lu tion  Raman band a t 1000 cm 1 is NH* rocking m odes w ith  a sm all 
con tribu tion  from  the corresponding methyl rocking m odes, while the 
band a t  922 cm "1, which exhibits sim ilar ROA in all th ree  so lu tio n s , 
arises from  the  C * -C (0 2) s tre tch ing  vibration. Nafie e t al. [24] have 
p resen ted  an analysis o f the band a t 922 cm 1 along w ith  th a t a t 850
cm’ 1 in te rm s of coupling o f the in- and o u t-o f-p h ase  m otions of the
m ethyl C—C stre tch in g  mode and the  (1,-1) com ponent o f th e  degenerate  
m ethyl rocking mode, w here the (1,-1) indicates the tw o hydrogen atom s 
are ad jacent to  the  hydrogen bonded to  the  chiral carbon {vide ro tam er 
s tru c tu re s  in section  4.5). However, the  ROA spectrum  of serine ( vide fig.
5.3 in the  nex t chapter), where the m ethyl group has been replaced by a 
CH2OH group, a lso  exhibits th is couplet. Thus, it is im possib le  fo r the
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higher frequency com ponent to  arise from  a m ethyl rocking mode. We
th e re fo re  favour the  assignm ent given above fo r th e se  tw o bands w ith
the coup le t arising  from  in teractions betw een the  sym m etric  CCN s tre tc h  
£and th e  C -C(C>2) s tre tch . The above assignm ents can only be reconciled 
w ith th o se  o f  Diem e t al. [923 by reconsidering th e ir band assignm ents 
for alanine C - d 3 as shown in tab le  4.3.
All th e  ROA fea tu res  d iscussed  so far are a t frequencies below  the 
repo rted  m id -in frared  VCD stud ies of alanine [94], so no ROA-VCD 
com parisons can be made. However, the  next th ree  bands a t 1110, 1145 
and 1210 cm 1 in w ate r com e w ithin the range o f th e se  VCD studies. 
These bands w ere assigned by Diem e t al. [923 to  the  an tisym m etric  CCN 
s tre tc h  and NH* rocking modes respectively, w hereas K ettle  and 
co -w orkers [933 assigned  the  corresponding bands in th e  spectrum  of
crystalline D L-alanine to  the  antisym m etric CCN s tre tc h  and m ethyl
rocking m odes. Susi and Byler [983 have assigned the  la s t  o f these  bands 
to  a NH* rocking  mode and suggested  th a t th e  o th e r  tw o could no t be 
assigned in te rm s  o f group frequencies. The broad  band a t 1145 cm 1 
show s broad  positive ROA in tensity  whereas the band a t  1110 cm 1 has 
e ither negative (there  is evidence o f a dip w here th is  band overlaps the 
1145 cm "1 band) o r zero  ROA in tensity , w ith the  band a t 1220 cm "1
exhibiting sm all negative ROA intensity . The ROA spec trum  of the
>6N-HC1 so lu tio n  is sim ilar to  th a t observed in w ate r b u t the  ROA is 
larger on th e  band a t 1216 cm 1 corresponding to  th e  band a t 1220 cm 1 
in aqueous so lu tio n . In >6N-NaOH th is region is com plete ly  d ifferen t. 
There are now  fo u r Raman bands a t 1078, 1137, 1196 and 1231 cm *, 
respectively, w hich give rise  to  a negative, positive, positive, positive ROA 
in tensity  p a tte rn . Of these  the band a t 1078 cm 1 presum ably  arises from  
a vibration o f  th e  NH2 group (perhaps the tw isting  mode) since it is n o t
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observed in th e  Raman spectra  a t o th e r pH values, w hile the  band a t
Table 4.3 Revised assignm ents for a lan ine-C -d3
assignm ent by Solution frequencies from  ref. 92 our assignm ent
Diem e t al. [92] A U -d0 A1a-d 3 A la-d3(rev.)
vC C (02) 1001a 941 941 NH* rock+ C H , rock3 3
Cc h 3 995 a 820 941 NH* rock+ C H , rock3 3
^CH3 922 758 921 vCC(Oz)
vsCCN 850 921 820 vs CCN
yCOO" 775 758 yCOO"
v, £ and y are as defined in table 4.1, a solid s ta te  frequency
1137 cm ’ 1 can be assigned to a C*—N stre tch ing  mode. The analysis fo r 
the o th e r tw o bands is d ifficu lt and will no t be d iscussed  fu rther. The 
6-31G* calcu la tion  co rrectly  predicts the ROA sign fo r the aqueous bands 
a t 1145 and 1220 cm -1 b u t not for th a t a t 1100 cm 1 (assum ing th a t the 
la tte r  is indeed negative). W ith respec t to  norm al m ode com position the 
band a t  1110 cm -1 is predicted to  contain C*-N stre tch in g  and C*-C(H3) 
s tre tch in g  m odes (th ese  combined give the an tisym m etric  CCN stre tch ) 
p lus NH* and m ethyl rocking modes. The band a t 1145 cm 1 com prises 
m ethyl rocking, C*-H  deform ation (bending) and NH* rocking modes (in 
th is o rd er w ith  re sp ec t to  poten tial energy con tribu tions). The band a t 
1220 cm "1 con ta in s NH* and m ethyl rocking modes. Thus, th e  ab in itio  
norm al mode com position  appears to  be a m ixture o f th a t by Diem e t  al. 
[92] and K ettle  and co-w orkers [93]. The ROA appears to  be generated
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by NH* rocking modes in the band a t 1110 cm 1 since th is band
disappears in >6N-NaOH solution. The band a t 1140 cm 1 rem ains the
sam e in all th ree  so lu tions which su ggests  th a t  th e  ROA is generated  by 
the an tisym m etric  CCN stre tch  probably via in te rac tio n  w ith an NH* 
rocking mode since it appears to  be sm aller in the  >6N-NaOH so lu tion . 
The fa c t th a t  th e  ROA changes sign on the  band  a t ~ 1220 cm -1 in the 
>6N-NaOH so lu tion  would indicate th a t it is g enera ted  in zw itterion ic  
alanine by prim arily an NH* rocking mode.
The VCD spectrum  of alanine in th is  sp ec tra l region [94] show s 
negative, negative, positive fea tu res, respectively , in infrared  bands a t  
1117, 1139 and 1221 cm 1. The second and th ird  vibrations genera te
o pposite  signs in both  ROA and VCD. Diem [94] has suggested  th a t 
coupling betw een  orthogonal NH* rock co o rd ina tes  is a p lausib le  
m echanism  fo r the  generation of VCD in th e se  bands b u t we favour the 
in te rp re ta tio n  given above in term s o f in te rac tion  betw een the 
an tisym m etric  CCN stre tch  and the NH* rock. The very weak band a t 
1259 cm 1 in the  >6N-HC1 solution is probably  associa ted  w ith  O -H  
defo rm ations from  the in tac t COOH group (an in te rp re ta tio n  suppo rted  
by th e  neu tra l alanine calculation which p red ic ts  co n tribu tions from  the  
O -H  g roup  in th is  region). It would appear th e re fo re  th a t m o st of the  
ROA in th is  region is generated from  th e  NH3 rocking m odes which is 
su p p o rted  by the ab initio  calculation which p red ic ts  extensive coupling 
of th e  NH* rocking modes with a variety o f o th e r  m odes in th is region.
I t  is in th e  nex t group of five bands th a t th e  ab initio  calcu la tion  
does n o t co rrec tly  predict the spec tra  m easured  experim entally . As 
m entioned  earlie r, the firs t tw o o f th ese  bands a t  1301 and 1351 cm 1 
have been assigned  both  by Diem e t al. [92] and Byler and Susi [97] to
the o rthogonal C*-H deform ations (bends) a lthough  K ettle  and
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co -w orkers  [93 3 favour the assignm ent o f th e  second of these to  a 
sym m etric m ethyl deform ation (bending) mode (as d iscussed  earlie r, we 
believe th is  assignm ent is incorrect). These tw o bands show very large 
VCD in tensity  in bo th  w ater and D2<D [94,953, a lthough  the frequency is 
sh ifted  s ligh tly  in DzO solution, which su g g ests  con tribu tions to  the  
norm al m odes from  the NH* group, the  VCD p a tte rn  rem ains the sam e 
(although th e  in tensity  changes) which w ould indicate th a t the NH* group 
is n o t the  main source of the observed VCD. At high and low pH [953 
no d is tin c t fea tu res  assignable to  the  m ethine deform ation  (bending) 
m odes are observed and the VCD in tensity  is approxim ately  zero. The 
VCD in tensity  in these tw o modes decreases as th e  pH is low ered o r 
raised  away from  the neutral point [953. I t has been suggested  by 
Freedm an e t al. [953 th a t th is VCD fea tu re  and its  dram atic pH 
dependence are associated  with a ring cu rren t m echanism  involving 
e lec tron  flow , which is induced by the  C -H  defo rm ations (bends), in the  
ring closed  by hydrogen bonding betw een the  carboxylate  and NH* 
groups, w ith  an additional in teraction  betw een  a (3-CH and the  
carboxylate  group to  form  a secondary ring. R ecently , Diem [943 has 
expressed  reservations about w hether the ring c u rren t m echanism  can be 
invoked in th is  s itua tion  and the w hole concep t o f the  ring c u rre n t 
m echanism  in general. His argum ent is supported  in th is by recen t ab 
in itio  VCD com putational re su lts  on m ethyl la c ta te  and m ethyl g lycolate  
by S tephens and co-w orkers [107,1083 who dem on stra ted  th a t th e  
presence o f a ring is not essen tial to  genera te  la rge VCD in tensity  in the  
C*-H  s tre tch in g  m odes, w here sim ilar behaviour is observed as a function  
of pH and a ring cu rren t m echanism  has also  been invoked [963. VCD 
signals o f com parable m agnitude have also  been observed in DzO so lu tion  
[943 w hich w ould  also suggest th a t the ring cu rren t m echanism  is flaw ed
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in th is  s itu a tio n , since one w ould actually  expect s ligh tly  s tro n g e r
"hydrogen bonding" betw een the ND* and carboxylate groups and th u s  a
fu r th e r  enhancem ent of the VCD in tensity  (which is no t observed
experim entally). The ROA also exhibits a s tro n g  pH dependence. In
>6N-HC1 (pH w 0) only one band is observed a t 1330 cm 1 w ith positive
ROA in tensity  which suggests  th a t vibrations o f the COO" group
(probably the  sym m etric s tretch) con tribu te  to  the observed ROA in
w ate r. This conclusion is also supported  by corresponding iso top ic  d a ta  
18on O su b stitu te d  alanine [99] where bo th  these  modes sh if t to  low er
frequency (vide tab le  4.1). In >6N-NaOH so lu tion  (pH * 14) tw o bands
occur a t  1286 and ~ 1325 cm 1 which are probably due to  th e se
o rthogonal C -H  deform ations (bends). Both give rise to  positive ROA.
This sam e behaviour is reflected  in VCD stud ies in DzO so lu tion  w here
the  bands sh ift in frequency bu t the  VCD p a tte rn  rem ains the sam e. This
w ould su g g es t (vide supra) th a t the NH* group does co n tribu te  to  the
norm al mode b u t has no significance fo r the generation of VOA. The
6-31G* calcula tion  predicts th a t four m odes a t 1395, 1447, 1501 and 1523
cm 1 have significant contribu tions from  the  C -H  deform ation  (bending)
mode, and o f these tw o a t 1395 and 1523 cm 1 are predicted  to  have
positive ROA intensity . I t would be tem pting to  assign the  experim en tal
bands a t  1301 and 1351 cm "1 to  these  theo re tica l modes. However, the
th eo re tica l band a t 1523 cm’ 1 should be co rre la ted  w ith a th eo re tica l
band a t  1552 cm ’ 1 in the 6-31G calculation [49] which, in agreem ent w ith
experim ent, contains the sym m etric NH* bend as the m ajor com ponent o f
%th e  norm al mode. This suggests  a problem  w ith the  6-31G basis  s e t 
which, in stead  o f giving a plausible group frequency fo r th is m ode, m ixes 
it in to  several o th e r bands including th e  one a t 1395 cm 1 (which we w ill 
co rre la te  to  the  experim ental band a t 1301 cm *) and p robably
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con tam inates the  norm al mode com positions in th is spec tra l region. This 
may explain the  lack of success o f the  ab initio  ca lcu la tion  in p red ic ting  
the  ROA sign and normal mode com position fo r the  C*-H o rth o g o n a l 
defo rm ations (bends). A sim ilar e ffec t is found fo r the  C*-H d efo rm ation  
(bending) m odes in an ab initio  calcu lation  on ta rta r ic  acid [51 ] w here 
hydrogen bonding causes major d ifferences betw een the  experim ental and 
theo re tica l spectra .
The m ethyl sym m etric deform ation (bending) mode a t 1375 cm -1 in
aqueous so lu tion  gives rise to  negative ROA in tensity . A sim ilar fea tu re  is
observed in >6N-HC1 solu tion  (where it is m ore pronounced due to  a
£frequency sh ift o f the C -H  deform ation (bending) modes). In >6N-NaOH 
so lu tion , however, it appears to  exhibit no significant ROA in ten s ity . This 
w ould su g g est th a t the ROA is generated  by in terac tions of th e  m ethyl 
group w ith the NH* group. The VCD on th is band [94] appears to  vanish 
in DzO so lu tion  which would suppo rt our hypothesis th a t the  VOA is 
genera ted  by in te rac tions o f the m ethyl group w ith the  NH* group. TheO
6-31G calcu la tion  correctly  predicts the  ROA sign fo r th is  band.
The nex t experim ental band a t 1410 cm 1 is usually  assigned  to  the  
sym m etric s tre tc h  o f the COO group [92,93,97]. Only a norm al 
coord inate  analysis of alanine by Susi and Byler [98 ] d isagrees w ith  th is  
assignm ent (they suggest th a t the COO sym m etric s tre tc h  is highly 
mixed w ith  o the r modes). This band gives rise to  a positive VCD signal 
in w a te r b u t has little  o r no VCD in tensity  in DzO so lu tion . In w a te r  it  
gives rise to  negative ROA in tensity  which d isappears com plete ly  in 
>6N-HC1. This observation confirm s the  assignm ent of th is  band to  the  
sym m etric s tre tch in g  vibration o f the COO group. In >6N-NaOH th e re  
appears to  be a couplet, positive on the low er frequency side and 
negative on th e  higher. This, to g e th e r, w ith the VCD re su lts , su g g e s ts
-  69 -
th a t  th e  VOA may orig inate in in teractions betw een the carboxy la te  and
NH3 groups. The 6-31G* calculation, as w ith the C*-H defo rm ation
(bending) modes, is no t very helpful here. In neither o f the  tw o
rem aining unassigned theore tical modes a t 1447 and 1505 cm "1 do
co n trib u tio n s  from  the COO group dom inate although bo th  have negative
ROA in tensity . We favour the  correlation  of the 1447 cm "1 band w ith  the
o th e r C -H  deform ation (bending) mode (although it has the  w rong ROA
sign) and the  1505 cm 1 band w ith the  experim ental band a t  1410 cm "1.
The neu tra l alanine calculation pred ic ts s trong  mixing o f th e  COO"
$sym m etric s tre tc h  w ith the  C -H  deform ations (bends) and th e  sym m etric
m ethyl deform ation  (bending). The mode a t 1505 cm 1 is p red ic ted  to
$have a con tribu tion  from  the  C -H  deform ation (bending) m odes. I t may
be th a t  the  calculation fails here due to  Fermi resonance (vide supra)
since the  in tensity  of the  theoretical modes and experim ental bands do
no t agree w ith each o ther.
The nex t band, a t 1460 cm \  has been assigned to  the  degenerate
pair o f antisym m etric m ethyl deform ations [92,93,97-99]. I t exh ib its  an
ROA couplet, negative on the low er frequency side and positive on the
higher, a t low, neutra l and high pH. This band has no observab le  VCD
in tensity . The ROA in the  tw o sp lit antisym m etric m ethyl defo rm ations
(bends) is probably genera ted  th rough coupling w ith o th e r m odes. This
s itu a tio n  is sim ilar to  the  much studied  case of ary le thanes [79] w here
ROA coup le ts  are generated  in the antisym m etric m ethyl defo rm ations
(bends) th rough  coupling w ith an arom atic mode th a t coincides in
frequency. If a sim ilar s itua tion  applies here then the o th e r band has to
be e ith e r a com bination o r d ifference band, since only one o f th ese
m odes w ould have a sim ilar frequency as com pared w ith th e  frequency  o f
%
the an tisym m etric m ethyl deform ation (bend). The 6-31G ca lcu la tion
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co rrec tly  predic ts the sign o f this ROA coup le t and the  norm al m ode 
com position.
The rem aining Raman bands, which can be assigned to  the 
an tisym m etric  COO stre tch ing  mode and the  sym m etric and 
an tisym m etric  NH* bending modes, show no ROA in tensity . The 6-31G* 
calcu la tion  reproduces these norm al modes accurately  w ith the exception  
of the  sym m etric NH* bending mode (vide supra).
The Raman and ROA spec tra  of alanine in 1N-HC1 and lN -N aO H  (fig. 
4.6) so lu tio n s  can be identified as a com bination of tho se  in >6N-HC1 and 
>6N-NaOH p lus the spectrum  m easured in w ater, which indicates th a t the  
ROA in 1N-HC1 and lN-NaOH so lu tions is generated  by the zw itte rion ic  
species.
4 .4  C onclusions
This detailed  study has dem onstra ted  th a t the co rre la tion  betw een 
the experim ental and theore tica l spectra , bo th  Raman and ROA, is 
sa tisfac to ry  which is perhaps surprising if the size of the  alanine 
m olecule is considered. I t is w orth  em phasizing th a t th e  ab so lu te  
configuration  of a chiral m olecule fo llow s autom atically , w ith a high 
degree o f confidence, from  an ab initio  calculation th a t co rrectly  p red ic ts  
m o st o f the  observed ROA features and thus provides a m ethod  fo r 
determ ining the abso lu te  stereochem istry  of chiral m olecules w ith o u t 
re so rtin g  to  sem i- empirical approxim ations. At the sam e tim e ROA can 
probe a w ider range of frequencies w ithou t the associa ted  so lv en t 
problem s as com pared w ith VCD, since w ater is an exce llen t so lv en t fo r 
Raman spectroscopy. The pH dependence study su g g es ts  th a t  the  
behaviour o r ROA and VCD is sim ilar w ith resp ec t to  th is experim en tal 
variable.
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I t  has been suggested  by H im m ler and Eysel [109], based  on changes 
in depolarization  ra tio s , th a t  a t  high concen tra tions O lm o l l -1) amino 
acids may form  m icelles w ith the  carboxylate groups arranged  w ith  a 
fixed geom etrical o rien ta tion  to  one another. The ROA sp ec tru m  o f a 0.S 
M so lu tion  o f alanine (not shown) show s no significant d ifferences from  
th a t show n here (fig. 4.2) fo r a 1.7 M so lu tion  which w ould seem  to  cas t 
doub t on the  m icelle theory.
4.5 ROA and vibrational analysis o f alaninol
A laninol ( 2 -am ino -l-p ro p an o l) is, by analogy to  alanine th e  s im p lest 
chiral amino alcohol. I t  d iffe rs  from  alanine in th a t a CH2OH group  has 
replaced the COO m oiety o f  alanine, so th a t its  physical p ro p ertie s  are 
ra th e r d iffe ren t from  alanine. I t is a viscous liquid which m eans th a t  it  
has to  be tran sfe rred  d irec tly  into a cell ra th e r than being d is tilled  as 
usual. We recorded  its  Raman and ROA spectra  in an tic ipa tion  th a t  they 
w ould a s s is t  th e  v ibrational analysis o f alanine.
W hereas alanine can e x is t in only one ro tam eric form  I, alan ino l can 
ex ist in th ree  ro tam eric  fo rm s, II-IV. Intuitively, ro tam er IV w ould seem
H
H COO
H
NH
OH
I
OH OH
H C
NH
H CHHN
H
NH
CH
II III
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IV
to  be low est in energy since it allow s hydrogen bonding betw een  the 
am ine and hydroxyl groups while minimizing s teric  in terac tions. However, 
in th e  d iscussion th a t fo llow s the  presence of co n tribu tions from  
ro tam ers  II and III to  the ROA cannot be ruled o u t com pletely.
The Raman (top) and ROA (bottom ) sp ec tra  of L -alaninol are 
displayed in fig. 4.8. The corresponding vibrational frequencies, ROA
A -values and suggested  vibrational assignm ents are p resen ted  in tab le  
4.4.
The ROA on the f irs t tw o Raman bands a t 815 and 851 cm ’ 1 is
unreliab le  due to  polarization  a rte fa c ts  and will no t be d iscussed  fu rther.
The nex t band a t 946 cm 1 show s negative ROA in tensity  and, by analogy
w ith  the  assignm ent o f the  corresponding band a t 922 cm 1 in alanine to
the  C -C (O z) s tre tch , we su g g est th is band be assigned  to  the 
%C -C (H 2OH) s tre tch , which, due to  mass d ifferences m ight be expected  
to  occur a t  a s ligh tly  higher frequency in alaninol as com pared to
alanine. The change in sign o f th e  ROA is less easy to  explain, b u t 
assum ing th a t the ROA is genera ted  in a sim ilar fashion in th is  m olecule 
as in alanine (via in teractions betw een the sym m etric CCN s tre tc h  and 
the  C -C  s tre tch ), i t  may be th a t in the dom inant conform ation  th ese  tw o 
groups are held in a d iffe ren t o rien ta tion  with resp ec t to  one ano ther.
The adjacent band a t  1003 cm 1 exhibits negative ROA in tensity . The 
corresponding  Raman band a t  ~ 1000 cm 1 in alanine which a lso  exhib its
negative ROA in tensity  has been assigned by us to  a m ixture o f NH* and
m ethyl rocking m odes w ith the ROA originating from  th e  NH* rocking 
coord ina tes. In alaninol th e  ROA m ust presum ably be associa ted  w ith  the
m ethyl rocking m odes as in alanine in >6N-NaOH so lu tion . A lthough
co n trib u tio n s  to  th e  norm al mode from  the sym m etric CCO s tre tch in g  
v ibration canno t be ru led  ou t.
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Fig. 4.8. B ack sca tte red  Raman (top) and ROA (bo ttom ) sp ec tra  
o f n ea t L -alan inol. These sp ec tra  w ere reco rd ed  on  the  o ld  
G lasgow  m u ltichannel ROA in s tru m en t C673 equ ipped  w ith  an 
unthinned f ro n t  illum inated  CCD. E xperim ental conditions: 
exposure tim e  0.5 s , la se r pow er 500 mW, acqu isition  tim e 2 
hours.
Table 4.4 V ibrational frequencies, ROA A-values and ass ignm enn ts  for 
L-alaninol
Frequencies 
(cm 1)
A(180°)xlOs V ibrational assignm ents
815
851
946 -17.3 C*-C(H 2OH) s tre tc h
1003 -23.6 CH3 rock + sym CCO s tre tc h
1028a -5.01
1045 com plex norm al m ode com position  see
1062a +9.58 te x t fo r d e ta ils
1069 asym CCO s tre tc h
1128 CH3 rock
1144 a +2.12
1152 NH2 tw is t + asym  CCN s tre tc h
1162 a -2.63
1226 CH2 wag + O -H  def
1268 +6.37 CH tw is t 2
1318 +12.0 C*H bend
1350a +8.98
1361 C*H bend
1371a -9.21
1383 -19.4 sym CH3 bend
1445a +2.11
1460 asym CH3 bend + CH2 bend
1475a -1.49
a position  o f  ROA bands
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The nex t tw o bands in the Raman spectrum  give rise  to  an ROA 
co u p le t cen tered  a t ~ 1045 cm 1, negative on the low er frequency side 
and positive on the higher, and a positive ROA band a t 1086 cm "1, fo r 
w hich no p aren t Raman band can be identified. The alanine spectrum  a t 
high pH show s a band a t similar frequency w ith negative ROA intensity , 
which we assign to  a vibration of the NH2 group. A sim ilar assignm ent 
appears to  be also  plausible for alaninol. The ROA co u p le t is probably 
genera ted  by in teractions between the C -C , C*-N and C -O  stre tch in g  
m odes plus the  C -O -H  and C-C-H  deform ations which genera te  large 
ROA in th is  region in carbohydrates [483. In the  Raman spectrum  of 
serine ( vide fig. 5.3 in the  next chapter) we have assigned  a band a t 1052 
cm 1 w ith  v irtually  zero ROA intensity  to  th e  an tisym m etric  CCO 
stre tch in g  vibration. We therefore assign the  alaninol Raman band a t 1069 
cm 1, which also  exhibits no ROA intensity , to  th is mode.
The nex t Raman band a t 1128 cm 1 exhibits no ROA in tensity  and can 
probably  be assigned  to  a methyl rocking mode which occurs in th is 
sp ec tra l region in alanine. An ROA couplet, positive on the low er 
frequency side and negative on the higher, is observed in the  nex t band 
a t 1152 cm ”1. No sim ilar ROA feature is identified in th e  alanine spec tra  
which exhibits tw o bands in this region a t 1110 and 1145 cm One 
possib le  assignm ent is to  methyl rocking m odes which in alanine are 
s tro n g ly  mixed w ith the  NH* rocking m odes and the an tisym m etric  CCN 
s tre tc h  in th is region. A nother possible assignm ent is to  a NH2 tw isting  
mode which occurs in th is spectral region in proline and 4-hydroxyproline 
(vide ch ap te r 6).
The Raman band a t 1226 cm "1 which exhib its no ROA in ten sity  can be 
assigned  to  a CH2 w agging mode by analogy w ith  serine ( vide section
5.2.2 in th e  nex t chapter).
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We then  focus on the region of the  Raman spec tru m  w hich is o f 
m ost in te re s t in alanine. The f irs t tw o bands a t  1268 and 1318 cm ”1 
exhib it positive ROA intensity . We assign tw o bands a t  1301 and 1351
“ 1 itcm , respectively , in the spectra  o f alanine to  the  o rthogonal C -H
deform ation  (bending) m odes and since th e  ROA has th e  sam e sign we
propose the  la t te r  o f these  bands in alaninol also  be assigned  to  one o f
these  C -H  deform ation  (bending) modes. The fo rm er band can be
assigned, by analogy w ith serine (vide section 5.2.2 in th e  n ex t chapter)
to  a CH2 tw is tin g  mode. The next Raman band a t 1361 cm ” 1 show s an
ROA coup le t, positive on the lower frequency side and negative on the
higher, w hile its  high frequency neighbour a t 1383 cm ”1 exh ib its  negative
ROA in tensity . One o f these bands m ust be associa ted  w ith the  m ethyl
sym m etric defo rm ation  (bending) which occurs a t 1375 cm 1, w ith  negative
ROA in ten sity , in th e  spectra  of alanine. Since the band a t  1383 cm ”1
also exh ib its  negative ROA intensity  we will assign it  to  the  sym m etric
m ethyl defo rm ation  (bending) while the band a t 1361 cm 1 can be
$assigned to  the o th e r  C -H  deform ation (bending) mode.
The final band to  show ROA occurs a t 1460 cm 1 and is readily 
assignable to  th e  degenerate antisym m etric methyl defo rm ation  (bending) 
mode and a C H 2 bending mode. It exhibits an ROA coup let, positive on 
the low er frequency side and negative on the  higher, w hich is the
opposite o f th a t  seen in the corresponding band in the  spec trum  of 
alanine. In ary le thanes the generation of th is mode via coupling of the 
degenerate an tisym m etric  methyl deform ations w ith  o th e r  m odes is 
relatively easy to  explain and a sim ilar s itua tion  occurs here w ith the 
o ther m ode being the  adjacent CH2 bending mode. In alanine th e  presence 
of an o th e r m ode is less  easy to  explain (vide supra) b u t it may be th a t  
the m ethyl an tisym m etric  deform ations (bends) are already su ffic ien tly
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s p lit  to  genera te  ROA intensity.
4.6 Sum m ary
The Raman and particularly the ROA spectra  of alanine and alaninol 
are su ffic ien tly  d ifferen t to emphasize the unique sensitiv ity  o f the ROA 
experim ent. C om parison of the tw o se ts  of sp ec tra  d isc loses th e  origin 
o f th e  ROA and the  vibrational assignm ents of these  tw o m olecules,
especially  th e  alanine band a t 1410 cm 1. Due to  lack o f sensitivity , ROA
on d ilu te  so lu tio n s  (<0.3M) is not practical a t the m om ent. This m eans 
th a t a deta iled  concentration  dependence study over the range 1.5-0.05 
M cou ld  n o t be perform ed and thus hopefully resolve the question  of the  
predom inance o f in term olecular versus in tram olecu lar in teractions in
highly co n cen tra ted  so lu tions of alanine. Even w ith all the  d a ta  co llected  
in th is  th esis  the  com plete vibrational analysis of alanine rem ains elusive. 
However, the  rem aining problem s in the vibrational analysis o f alanine 
could  w ell be resolved from ROA m easurem ents o f iso topically
su b s titu te d  alanine derivatives.
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S ROA OF OTHER SIMPLE AMINO ACIDS
5.1 In tro d u c tio n
In th e  preceeding chap ter we d iscussed  th e  ROA observed in th e  
s im p le s t n a tu ra lly  occuring chiral amino acid , alanine, and its  amino 
a lcoho l analogue, alaninol. We now proceed to  exam ine the  Raman and 
ROA sp e c tra  o f  o th e r  sim ple naturally occuring am ino acids which can be 
considered  to  b e  derived from  alanine by fo rm al su b s titu tio n s . These can 
be divided in to  tw o  classes: (i) serine and cyste ine  which d iffe r from  
alan ine by rep lacem en t o f a hydrogen atom  o f  th e  alanine m ethyl group 
w ith  a hydroxyl o r  m ercaptyl group, respectively  (fig. 5.1), and (ii) valine,
Fig. 5.1. S tru c tu res  o f L-serine (left) am d L-cysteine (right), 
w here tw o  m ethy l groups replace tw o hydrogen a tom s o f the  alanine 
m ethyl group; threonine, where a m ethyl and a hydroxyl group replace 
tw o  hydrogen a tom s o f th e  alanine m ethyl g roup ; and isoleucine, where 
tw o  hydrogen  a to m s o f the  alanine m ethyl g roup  have been replaced by a 
m ethyl and an ethy l group, respectively (fig. 5.2). O ther possib le  schem es 
ex is t to  c lass ify  the  amino acids above b u t th e  one used here is the 
m o st conven ien t fo r com parative vibrational s tud ies. Like alaninol the 
am ino acids s tud ied  in th is chapter can e x is t in th ree  possib le  miniumun 
energy s tag g e re d  ro tam eric  form s, V-VII, which are  show n on to p  o f 
ta b le  5.1. The fractional populations o f th e se  ro tam ers , P y - P ^ j .  w hich 
have been  ca lcu la ted  fo r selected  pD values using coupling c o n s ta n ts  and
COO coo
HH
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Table S.l
R otam er populations o f se lec ted  amino acids
COO
NH. COO
OOC
C om pound ^  R2 pD p v  p v j p v n
ri • Cl 1^Serine OH H 0.5 0.07 0.16 0.77
7.5 0.10 0.28 0.62
12.2 0.15 0.30 0.55
C yste inec,d SH H 0.4 0.14 0.27 0.59
13.2 0.07 0.56 0.37
Valineb C H 3 C H 3 0.5 0.17 0.50 0.33
5.7 0.17 0.59 0.24
11.9 0.23 0.61 0.16
Threonine b C H 3 OH 0.1 0.12 0.80 0.08
S.l 0.21 0.72 0.07
11.1 0.22 0.68 0.10
Iso leucine6 C H 3 C H 3C H 2 0.1 0 0.34 0.66
7.3 0 0.50 0.50
12.0 0.05 0.61 0.34
a from  ref. 110, b from  ref. I l l ,  c from  ref. 112, d from  ref. 
113, e from  114.
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chem ical sh if ts  from  1H and 13C nuclear m agnetic resonance (NMR) 
s tu d ies  [110-114] are listed  in tab le S .l.
COO
+ H N —
3
H
4 CH3
CH3
COO COO
3
Fig. S.2. S tru c tu re s  o f L-valine (top), L -threonine (bo ttom  left) 
and L-isoleucine (bo ttom  right).
S.2 Serine
5.2.1 In troduction
From  tab le  S.l i t  can be seen th a t a t  pD = 7.5 the  dom inan t ro tam er 
o f se rin e  (2-am ino-3-hydroxypropinoic acid) in so lu tion  is VII w ith  a 
popu la tion  o f  62%. O ur sp ec tra  are reco rded  a t  pH ~ 7, th e re fo re  we w ill 
assum e th a t  th e  population  a t  th is pH is sim ilar to  th e  figure quo ted  
above. The m ajor species in so lu tion  is relatively  insensitive to  pH 
changes and so  the possib ility  o f changing the  m ajor confo rm er by 
varying th e  pH  and observing any d ifferences in the  ROA spec trum  due 
to  changes in conform ation  does no t arise  fo r th is  m olecule (bu t needs 
to  be considered  fo r o th e r m olecules). A ROA study  as a  function  o f  pH 
w ould s t i l l  be a  usefu l experim ent in o rd e r to  a s s is t the  ass ig n m en ts  o f 
bands due to  th e  NH* and COO-  groups CSO]. U nfo rtunate ly  lack o f tim e 
precluded such a study.
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The vibrational analysis of serine has been rep o rted  by Susi e t al.
[115], based on polycrystalline Raman spectra  o f tw o  iso top ically  
su b s titu te d  derivatives of serine ( un fo rtunate ly  they assum ed  th e  w rong 
conform ation  (V)) and a normal coordinate  analysis s im ilar to  th a t fo r 
alanine [98]; M achida and co -w orkers [116], using a m odified 
llrey-B radley  norm al coordinate analysis and the Raman sp ec tra  o f serine 
and oxygen and nitrogen deu tera ted  DL-serine sing le  c ry sta ls; and 
Inom ata e t al. [117] who m easured the infrared sp ec tra  o f serine and 
fo u r m etal-D L -serine chelates and the ir deu te ra ted  analogues and 
perfo rm ed  a norm al coordinate analysis. Extensive use w ill be made o f 
th ese  assignm ents when considering the origin of th e  ROA observed in 
th is  m olecule. No m id-infrared  VCD spectrum  of serine has been rep o rted  
so unlike alanine no com parisons can be made in th is region.
5.2.2 Vibrational analysis and ROA o f  serine
The Raman (top) and ROA (bottom ) spectra  of L -serine in HzO 
so lu tion , pH ^ 7, are shown in fig. 5.3. The correspond ing  Raman 
frequencies, ROA A -values and sug g ested  vibrational ass ignm en ts  are 
given in tab le  5.2.
Beginning a t  low  frequency the  ROA spectrum  o f serine show s a 
negative signal a t ~ 620 cm 1 for which the paren t Raman band can n o t be 
iden tified . A band a t th is frequency has been assigned in Raman s tu d ies  
of cry sta lline  serine to  e ither COO” bending [115,116] o r w agging [117] 
vibrations. Since a sim ilar Raman band appears a t approx im ate ly  the  sam e 
frequency and also  w ith negative ROA in tensity  in th e  sp ec trum  of 
alanine which has been assigned by us to  a bending m ode o f the  COO~ 
g roup , the assignm ents by Susi e t al. [115] and Machida and co -w o rk ers
[116] o f th is band to  carboxylate bending modes seem  c o rre c t fo r serine.
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COO
ROA
0
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Fig. 5.3. B acksca tte red  Raman (top) and ROA (bottom ) sp ec tra  o f 
L -serine in aqueous so lution. Experim ental conditions: exposure  
tim e 3 s, la se r pow er 750 mW , acquisition  2 hours, s l i t  w id th  
0.12 mm.
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Table 5.2 Raman frequencies, ROA A -values and vibrational 
assignm ents o f L -serine in aqueous solution
Frequencies 
(cm *)
A(180°)xl0* Vibrational assignm ents
620 negative COO bend
773 -2.41 COO wag
809 -1.41 CH rock 2
851 -2.07 sym CCN s tre tc h
919 +11.7 C *-C (02> s tre tc h
978 -5.03 sym CCO s tre tc h
1040 -4.63 NH* rock
1052 asym CCO s tre tc h
1083 +2.96 C*—N s tre tc h
1125 +9.57 NH* rock
1150 NH* rock 3
1242 -5.64 CH2 wag+ in -p lane  O -H  def
1294 -5.87 CH2 tw isting
1347 +2.86 C*H bend
1412 -2.65 sym COO s tre tc h
1460 CH„ bend 2
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The assignm ent of the next Raman band a t 773 cm w hich exhib its 
negative ROA in tensity  is more com plicated. Inom ata e t  al. Cl 17] assigned  
a very weak infrared band a t 782 cm "1 to  a CH2 rocking m ode, while 
M achida and co-w orkers [116] p refer the assignm ent o f a so lid  s ta te  
Raman band a t 750 cm 1 to  the COO wagging vibration and a so lid  s ta te  
band a t 815 cm 1 to  the CH2 rocking mode. A t f ir s t  g lance, it  w ould 
appear th a t th is band would have to  sh if t by ~ 40 cm ’ 1 on going from  
the  infrared spectrum  to  the Raman spectrum  for th e se  a ss ig n m en ts  to  
agree. However, it should  be born in mind th a t th is  is based  on the 
com parison of the spec tra  of L-serine w ith DL-serine and th a t  th ese  tw o 
sam ples need no t have the same physical p roperties  (fo r exam ple the 
so lub ilities of L and DL amino acids are o ften  d ram atically  d ifferen t). 
Thus, the  frequency sh ift does no t need to  be as large as it  w ould  f irs t  
appear to  be. The Raman spectrum  recorded by Susi e t al. [115] a lso  has 
tw o bands in th is region, a t 728 cm arising from  C -O -H  to rs io n  and 
CH2 rocking m odes and a t 815 cm 1, arising from  C -O -H  to rs io n , COO 
bending and COO wagging modes. However, the  Raman sp ectrum  of 
alanine has a band a t  775 cm 1 which exhibits negative ROA in ten stiy  and 
which we have assigned  to  the carboxylate wagging m ode ( vide supra). 
The Raman spectrum  o f cysteine has a band a t 779 cm 1 w hose ROA is 
uncertain . The presence o f a band a t virtually the sam e frequency in all 
th ree  spec tra  w ould su g g est th a t it has the sam e origin nam ely a 
vibration of the  COO" group (probably the wagging mode).
The next band in the Raman spectrum  of serine occurs a t  809 cm "1 
and exhibits negative ROA intensity . No sim ilar band is observed  in the  
Raman spectrum  of alanine which su ggests  th a t it o rig ina tes  from  e ith e r 
the CH2 or the  O -H  group or a m ixture of both . Inom ata e t al. [117] 
observe an infrared band a t  th is frequency b u t do n o t assign  it  to  a
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p articu la r v ibration . The assignm ent of th is band is th e re fo re  uncertain  
b u t w ould  appear to  be m ost probably a CH2 rocking mode. The ex tra  
sensitiv ity  o f ROA is helpful here since the ROA sp ec trum  o f cysteine 
(fig. 5.4) a lso  has a negative band a t th is frequency which indicates th a t 
it a lm o s t certa in ly  arises from  a CH2 rocking mode.
The follow ing tw o Raman bands will be d iscu ssed  toge ther; they 
occur a t  851 and 919 cm 1 and exhibit negative and positive ROA 
in ten sity , respectively . Machida et al. Cl 16] assign  b o th  bands to  C-C 
s tre tch in g  m odes. This assignm ent is supp o rted  by Inom ata and 
co -w o rk ers  [117] fo r the  low er frequency band (they do n o t assign the 
h igher frequency  band). The normal coordinate analysis by Susi e t al. 
[1151 su g g es ts  th a t bo th  these bands have a com plex  norm al mode 
com position , prim arily involving the  C O O ' group b u t w ith o u t a C-C 
s tre tch in g  com ponent. Similar Raman and ROA bands are observed in the 
sp ec tra  o f alanine and we suggested  th a t they aro se  from  coupling o f the 
sym m etric CCN s tre tc h  w ith the C *-C (02) s tre tch in g  mode. The presence 
of a s im ilar fea tu re  in the  serine spectra  w ould indicate th a t  it a lso  has 
the sam e origin. C ysteine also exhibits a sim ilar ROA signal p a tte rn  b u t 
a t s lig h tly  d iffe re n t frequency.
The Raman and ROA spectrum  of alanine are dom inated  by NH* 
rocking m odes in th e  region 950-1250 cm l . It seem s appropria te  
th e re fo re  to  d iscuss to g e th er the bands th a t occur in th is  region in the
spectrum  o f serine. The f irs t of these bands occurs a t  978 cm 1 and
exhib its  negative ROA intensity . It has been assigned  by bo th  M achida e t  
al. [116] and Susi and co-w orkers [115] to  a C-O(H) s tre tch in g  vibration. 
H owever, they  d ispu te  th e  e ffec t of deuterium  su b s titu tio n  on th is  mode, 
M achida e t  al. [116] su g g est th a t a new band a t  985 c m '1 in the
spec tru m  o f th e  s e r in e -N -d ^ O -d j species is s til l  th e  C-O(D) s tre tch in g
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vibration, w hile Susi and co-w orkers [U S ] su g g est th a t  th is  new band is
assigned  to  a C -O -D  bending vibration. The nex t band occurs a t 1052
cm 1 and exh ib its  no discernible ROA intensity . I t has a low frequency
shou lder a t ~ 1040 cm 1 with negative ROA in tensity . Inom ata e t al. [117]
assign  the band a t ~ 1040 cm 1 to the C-O(H) s tre tch in g  vibration which
is su ppo rted  to  som e ex ten t by Susi e t al. [115] who p red ic t th a t the
principal com ponent o f the normal mode will be th e  C-O(H) s tre tc h
along w ith NH* rocking modes, while Machida and co -w orkers  [116]
p re fe r an assignm en t to  the CCN stre tch ing  mode. The su b sequen t band
a t 1083 cm 1 exh ib its  positive ROA intensity . M achida e t al. [1161 assign
+ $th is  band to  a m ixture of NH3 rocking and C -N s tre tch in g  m odes which 
agrees w ith  th e  assignm ent of Inom ata and co -w o rk ers  [116] who also 
assigned  th is band  to  a C -N stretch ing  vibration as did Susi e t al. [115]. 
The n ex t fea tu re  contains two Raman bands, the  f ir s t  of th e se , a t 1125 
cm \  exhib its positive ROA in tensity , while the second, a t  ~ 1150 cm "1 
exh ib its no ROA in tensity . Inomata e t al. [117] assign  the  la tte r  band to  
a NH* rocking m ode, while Machida and co -w orkers  [116] assign the 
fo rm er to  a NH* rock and the la tte r  to  a m ixture o f NH* rock and CH
3 3 2
wagging v ibrations. Susi e t al. [115] assign the f ir s t  band to  a NH* rock 
and the  second to  a com plex m ixture which con ta ins NH* rock as the 
prim ary com ponent. The la s t band in th is region occurs a t 1242 cm 1 and 
gives rise  to  negative ROA intensity. Susi e t al. [115] assign  it to  a 
C -O -H  bending v ib ration , while Machida and co -w o rk ers  [116] assign it  
to  th e  in -p lane O -H  deform ation as do Inom ata e t al. [117]. A ccording to  
D ollish, Fately and Bentley [118] primary alcohols like serine are  expected 
to  have th ree  bands in th is region. Beginning a t low frequency th ese  are 
the sym m etric CCO s tre tch  a t ~ 965 cm "1, the  an tisym m etric  CCO 
s tre tc h  a t ~ 1060 cm ”1 and a band due to  a m ix tu re o f CH2 tw is t and
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C -O -H  bending modes a t ~ 1250 cm *. We w ill now a tte m p t to
ra tionalize  th e se  da ta  to  provide a plausible v ibrational analysis fo r serine
in th is  region. The f irs t band a t 978 cm 1 can be assigned to  the
sym m etric  CCO stre tch ing  vibration w ith its  prim ary com ponent being
a C-O (H) s tre tc h . The next band a t ~ 1040 cm 1 probably  arises from  a
NH3 rocking  m ode since two bands a t ~ 1000 cm 1 w ith overall negative
ROA in ten sity  in the spectrum  of alanine w ere assigned  by us to  NH*
rocking m odes. The band a t 1052 cm 1 may w ell arise from  the
an tisym m etric  CCO s tre tch . However, one m ight expect such a mode,
w hich encom passes a highly chiral tw isted  s tru c tu re , to  generate large
ROA in tensity . The assignm ent of th is band m u st th e re fo re  be considered
as uncerta in . The adjacent band with positive ROA in tensity  a t 1083 cm -1
%can be assigned  to  a C -N stretch ing  vibration ( vide supra) by analogy
w ith  a sim ilar fea tu re  in alanine a t s ligh tly  higher freq u en cy , here
+ $ how ever, i t  is probably mixed with NH3 rocking coord inates. The C -N
stre tc h in g  vibration  in glycine has also  been assigned  to  a band a t ab o u t
th is frequency [1181. The next band a t 1125 cm 1 can be assigned to
a NH* rocking mode. This mode which a lso  exh ib its positive ROA
in ten sity  occurs  a t  1110 cm 1 in the spectrum  o f alanine. The nex t band
a t 1150 cm "1 can be assigned to  another NH* rocking mode, although  it
may have sign ifican t contributions from  a CH2 tw isting  mode which
occurs in th is  region in the spectrum  of glycine [118]. The final band in
th is reg ion  a t  1242 cm’ 1 can be assigned to  an in -p lane O-H deform ation
coupled  to  a CH wagging mode. Alanine has a NH* rocking mode in th is
2 3
region, a lso  w ith  negative ROA in tensity . So th e  band a t 1242 cm 1 in the 
serine sp ec tru m  may also have a NH3 rock con tribu tion  to  the  norm al 
mode. One possib le  way of examining the  co n tribu tions to  the  norm al 
m odes and ROA o f the NH* rocking m odes is to  study the Raman and
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ROA sp ec tra  o f serine a t high pH, in a sim ilar fash ion  to  th a t rep o rted
in th e  la s t  ch ap ter fo r alanine, where th e  NH* group has been rep laced
by th e  NH2 group, since this would enable one to  observe changes in the
ROA in ten sity  p a tte rn  and to  re la te  these changes to  NH* rocking m odes
(u n fo rtu n a te ly  lack o f time precluded such a study).
The assignm en ts in the next region o f the  spectrum , ~ 1300-1460
cm 1, are m uch easier, since all of the bands can be readily assigned via
group frequencies and are therefore less am biguous than  in the preceeding
region. The f irs t  o f these bands occurs a t 1294 cm 1 and exhibits
negative ROA in tensity . All three vibrational analyses [115-117] assign it
to  a v ibration o f the  CH2 group either tw isting  o r wagging. The nex t
band a t 1347 cm 1 shows positive ROA in tensity  and can be assigned
$[115-117] to  one o f the orthogonal C -H  deform ation  (bending) m odes.
This band  occurs a t the same frequency also  w ith positive ROA in tensity
in th e  sp e c tra  o f alanine which suppo rts  the  assignm ent above. The o th e r 
$C -H  defo rm ation  (bending) mode is also  predicted [116] to  occur in th is 
region a lthough  som e authors [115,117] favour th e  assignm ent o f the 
o th e r observed solid  s ta te  Raman band to  a CH2 mode. The only way to  
clarify  th is  s itu a tio n  is to  perform  a Raman and ROA study  on se rin e - CD 
and s e r in e -C D 2 and investigate changes in the Raman and ROA spectra . 
This shou ld  enable  unam biguous assignm ents of m odes due to  the CH and 
CH2 groups, respectively. As for the o the r amino acids stud ied  so far the 
sym m etric COO-  s tre tc h  is readily identified as a band a t 1412 cm 1 w ith 
negative ROA in tensity . Again as in alanine th is band seem s to  be 
coupled to  b o th  th e  NH* group and the CH group, since deu tera tion  o f 
th ese  groups re su lts  in significant frequency sh ifts  o f ~ 15 cm 1 fo r th is  
band [115]. The final Raman band in th is region a t ~ 1450 cm 1 exhibits 
no ROA in tensity , unlike the  same band in the  spectrum  of cysteine (vide
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infra) w hich show s positive ROA in tensity . I t can be assigned [115-117] 
to  a bending vibration o f the CH2 group.
5.3 C ysteine
5.3.1 In troduction
Like serine, cysteine (2-am ino-3-m ercaptopropionic acid) can ex is t in 
th ree  ro tam eric  form s V-VII which are show n in tab le  5.1. Unlike serine, 
how ever, the  conform ation adopted by cysteine in so lu tion  is s tro n g ly  
dependen t on pD (vide tab le  5.1), presum ably  due to  e le c tro s ta tic  
in te rac tio n s  betw een the S and COO groups, which are unfavourable a t  
high pH . U nfortunate ly  no NMR data  is available fo r  cysteine a t neu tra l 
pH w hich is the  pH a t which we perform ed our ROA study. Our d a ta  
(vide infra) su g g es t th a t the dom inant confo rm er o f cysteine in aqueous 
so lu tio n  may be d ifferen t from  th a t observed fo r serine under sim ilar 
cond itions. The NMR data  by ex trapo lation  from  the  re su lts  fo r the  o th e r 
am ino acids su g g es ts  th a t there are tw o dom inant conform ers of cysteine 
a t n eu tra l pH.
The vibrational analysis of cysteine is le ss  w ell docum ented  than  
th a t  o f serine b u t Susi et al. [115] have provided a norm al coord ina te  
analysis based  on the solid s ta te  Raman sp ec tra  o f cysteine and one 
iso to p o m er sim ilar to  th a t for serine. However, as fo r serine they 
assum ed  th e  w rong minimum energy confo rm ation  (V). Sze and 
co -w o rk ers  [119] have presented  a lim ited vibrational analysis of cysteine 
based  on b o th  solid s ta te  Raman and in frared  sp ec tra  of cysteine and 
som e re la te d  com pounds. Ozaki e t al. [120] have a lso  studied  the  Raman 
sp ec tru m  o f cysteine in the  vicinity of th e  C -S  s tre tch in g  vibration. No 
VCD o f th is  m olecule has been reported  in th e  region d iscussed  in th e  
p re se n t w ork.
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5.3.2 Vibrational analysis and ROA o f  cyste ine
The Raman (top) and ROA (bottom ) sp ec tra  o f L-cysteine in w ater, 
pH * 7, are show n in fig. 5.4. The corresponding Raman frequencies, ROA 
A -values and suggested  vibrational assignm ents are p resen ted  in tab le  
5.3.
Beginning a t  low frequency the f irs t Raman band a t 615 cm ”1 exh ib its  
negative ROA in ten s ity . As in alanine and serine ( vide supra) we assign  
th is  band  in cysteine to  the carboxylate bending mode. Susi e t al. [115] 
assign  th e  corresponding solid s ta te  Raman band to  the  COO~ bending 
m ode. A djacent to  th is is a band a t 685 cm 1 w ith  positive ROA in tensity
which m u s t orig inate from  the C-S s tre tch  [115,119,120]. The ROA in
th e se  tw o  bands presum ably orig inates in coupling betw een the  C-S 
s tre tc h  and th e  COO bending mode. Inspection o f s tru c tu re s  V and VII 
show s th a t  th e se  tw o groups are held in a chiral arrangem ent to  one 
an o th e r and any in teraction betw een them  w ould thus be expected  to  
p roduce sign ifican t ROA intensity. This also gives inform ation regarding 
the  ro ta m e r popula tions since to  a f irs t approxim ation (ignoring any
in te rac tio n s  w ith  o the r parts  of the m olecule) the ROA w ould be
expec ted  to  cancel fo r a 50:50 m ixture of th ese  tw o ro tam ers. No ROA 
w ould be expec ted  from  s tru c tu re  VI since these  tw o groups are held  a t  
180° to  one ano ther (a position where the ROA is a t a minimum). 
In te rac tio n  betw een  the C-S s tre tc h  and adjacent bands is a lso  observed 
in o th e r  m olecules containing th is moiety such as a -p h en y l-e th y lth io l 
[121]. O zaki and co-w orkers [120] have suggested  (in opposition to  the 
NMR re s u lts  w here by analogy w ith the o the r am ino acids ( vide tab le  5.1) 
we w ould  exp ec t tw o confom ers in solution) th a t only one ro tam er o f 
cysteine ex is its  in aqueous so lu tion , VII (vide tab le  5.1) based  on 
com parisons betw een Raman spec tra  o f the tw o d iffe ren t crysta l fo rm s
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Fig 5.4. B ackscattered  Raman (top) and ROA (bottom ) sp e c tra  o f 
L -cysteine in aqueous solu tion . E xperim ental conditions: 
exposure tim e 4 s, la se r  pow er 650 mW , acquisition  tim e 3 
hours, s l i t  w idth 0.12 mm.
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Table 5.3 Raman frequencies, ROA A -values and v ibratonal 
assignm ents fo r L-cysteine in aqueous so lu tion
Frequencies A(180°)xl0* V ibrational assignm en ts
(cm 1)
615 -6.56 COO bend
685 +3.27 C-S s tre tc h
779 positive ? COO wag + C -S-H  d e f
813 -1.54 CH2 rock
875 -3.34 sym CCN s tre tc h
936 +4.47 C *-C (0  ) s tre tc h  2
990 +13.2 NH* rock
1069 +9.74 C*-N s tre tc h
1118 +7.84 NH* rock
1145 CH rock 2
1211
1258a
-8.50
-15.6
CH2 wag
1268
1278a +8.98
CH tw is t 2
1312
1351 +6.36 C*H bend
1403 -4.59 sym COO s tre tc h
1430 +6.15 CH„ bend 2
a frequencies o f ROA bands
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of cysteine w here the exact ratio  of the ro tam ers is known as com pared  
to  th e  so lu tion  spectrum  w here the ratio  is uncertain. The C-S s tre tc h in g  
v ibration  exhibits very li ttle  frequency dependence as the pH is v a rie d , 
w hich w ould suggest th a t the m ajor conform er does n o t change 
sign ifican tly  w ith pH, since the C-S s tre tch ing  frequency is expec ted  to  
be dram atically  d ifferen t fo r a t least tw o o f the possib le confom ers th a t  
cysteine can adopt in solu tion  [1203. At high pH a band occurs in th e  
Raman spectrum  (not shown) a t 756 cm 1 which may orig inate  in a C -S 
s tre tch in g  vibration of ano ther conform er which according to  D ollish, 
Fateley  and Bentley [1183 is expected to  occur in th is region, by analogy 
w ith  haloalkanes. The Raman data therefore are co n sis ten t w ith  only one 
m ajor conform er (VII) over the entire pH range w ith the possib ility  o f 
an o th e r conform er contributing  a t high pH. The ROA re su lts  (vide supra) 
appear to  ru le  o u t ro tam er VI, assum ing th a t the ROA is indeed 
g enera ted  by in teraction  betw een the SH and COO groups, b u t can m ake 
no d istinction  betw een ro tam ers V and VII (w ithout re s o r t  to  
sem i-em pirical m odels). U nfortunate ly  the ROA data  in o th e r bands ( vide 
in fra ) su g g ests  th a t the major conform er in so lution o f cyste ine  is 
d iffe re n t from  th a t for serine which is in conflic t w ith th e  Raman 
re su lts .  C learly th is  w arran ts a reinvestigation o f the NMR d a ta  to  
determ ine if a m istake has been made in the assignm ents o f the  
hydrogens in the NMR spectrum  of cysteine.
The nex t Raman band a t 779 cm -1 exhibits li t t le  or s ligh tly  positive 
ROA in ten sity . This is d ifferen t from  w hat is seen in sim ilar bands in the  
ROA sp ec tra  o f alanine and serine, where th is band exhibits negative ROA 
in tensity . We assigned these  bands to  a wagging mode of th e  COO ” 
group. This change in ROA behaviour may indicate con fo rm ationa l 
d ifferences betw een these m olecules, or th a t th is band in the  cysteine
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spec tru m  has a d ifferen t norm al mode com position. Susi e t  al. [115] 
assign  th is  mode to  a m ixture of C -S-H  bending, CH2 rocking and CO O ” 
w agging (in th a t order) which could be taken as evidence in favour o f th e  
second hypothesis above. However, upon deu tera tion  of the  NH* and S -H  
g roups a band occurs a t exactly the same frequency as the band above. 
Susi e t al. [115] have assigned th is band to  a ND* rocking mode. If th is  
ass ig n m en t is incorrect and the band does n o t actually  sh if t on 
deu terium  su b stitu tio n  then it m ust originate in a vibration of the  CO O ” 
group. The corresponding ND* rocking mode in serine occurs a t 848 cm ”1 
and if it  is an isolated  normal mode there  seem s to  be no reason  fo r  i t  
to  change by ~ 60 cm 1 in cysteine. Therefore, we su g g es t th a t the  
change in sign of th is ROA band is b es t explained by d ifferences in the  
norm al mode com position betw een cysteine and serine probably  via 
coupling  o f the C-S s tre tch  with the C -S-H  deform ation  (vide infra).
Susi e t al. [115] have assigned the next Raman band a t 826 cm ”1, in 
th e  so lid  s ta te , to  a COO wagging vibration. In so lu tion  a band occurs  
a t 813 cm 1 and shows negative ROA intensity . Serine has a s im ilar 
Raman band also  with negative ROA intensity , a t  809 cm 1, w hile alanine 
does n o t. One plausible assignm ent of th is band is th e re fo re  to  a CH 2 
rocking mode. However, the  C -S-H  deform ation may a lso  occur in th is  
reg ion  and the  Raman data  fo r cysteine-N D 3 -SD [115] indicate th a t th is  
band is sensitive to  th is particu lar isotopic su b stitu tio n . Ozaki and 
co -w o rk ers  [120] postu la te  th a t the H3C-CH 2-SH  group o f cysteine is 
c losely  re la ted  to  the m olecule 2 -m eth y l-l-p ro p an e th io l where they have 
assigned  the  C -S-H  deform ation mode to  a band a t  774 cm i . T here fo re , 
th e  band  observed in cysteine a t 813 cm ”1 probably o rig inates in a C H 2 
rocking  mode; indeed Ozaki e t al. [120] assign a band a t 802 cm 1 to  th e  
CH2 rocking mode of ro tam er VII in th e  spectrum  of
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l-ch lo ro -2 -m eth y l-p ro p an e . This assignm ent is su p p o rted  by the  fac t th a t 
th is  band has the  sam e ROA sign in bo th  cysteine and serine.
The nex t tw o bands a t 875 and 936 cm 1 exhib it negative and positive 
ROA in tensity  respectively. This ROA coup le t is a lso  observed in th e  the 
sp ec tra  o f bo th  alanine and serine and was explained by us as orig inating  
from  coupling o f the  symmetric CCN s tre tc h  and th e  C*-C(C>2) s tre tc h . A 
sim ilar assignm ent appears to  be likely here a lthough  the  iso topic  d a ta  
su g g es ts  th a t bo th  these  bands are sensitive to  b o th  N and S deu tera tion ; 
w hile, as in alanine, th is  would be expected  fo r the  875 cm -1 band it is 
an unexpected re s u lt  fo r the second band a t 936 cm "1 and may indicate 
th a t  the  norm al mode com position is less sim ple than  described  above. 
Indeed the  Raman spectrum  of cysteine a t high pH (no t show n), w here it  
sh if ts  by 26 cm 1, would indicate th a t the  the  norm al mode com postion  
of th is  band has som e contribution from  NH* rocking coord ina tes.
Follow ing th e se  tw o bands is an iso la ted  b road  Raman band a t  990 
cm 1 which exhib its positive ROA in tensity . We assign  th is  band to  a 
NH* rocking m ode, which is supported  bo th  by the  norm al coord inate  
analysis of Susi e t al. [115], the isotopic data  and the  Raman spec trum  
of cysteine a t  high pH where this band d isappears. The sam e mode in the 
sp ec tra  o f alanine a t ~ 1000 cm 1 exhibits negative ROA in tensity  as does 
the corresponding  mode in the serine spectra . If th e se  assignm en ts  are 
co rrec t th is  m ode changes sign on going from  alanine and serine to  
cyste ine . This may indicate th a t the NH* group is held in a d iffe re n t 
conform ation  in cysteine as com pared to  serine and alanine b u t m ore 
probably re f le c ts  d iffe ren t contribu tions to  the  norm al m odes. In alanine 
m ethyl rocking coordinates contribu te  to  th e  norm al mode com position  
and in serine th e  C-O(H) stretch ing  mode can c o n trib u te  to  th e  norm al 
mode com position . These additional con tribu tions to  th e  norm al mode
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may change th e  ROA sign. Therefore, in cysteine th is  m ode may rep resen t 
a re la tive ly  pure NH* rocking mode.
In the Raman spectrum  of serine we assigned a band a t  1083 cm 1 to  
£
the  C -N  s tre tch in g  vibration (vide supra). The co rrespond ing  band in the 
spec tru m  of cysteine occurs a t 1069 cm 1. B oth exh ib it positive ROA 
in tensity . This assignm ent is supported  by the  norm al coord inate  analysis 
of Susi e t al. [115] b u t they also mixed in NH* rock ing  and CH tw isting
3 2
m odes.
The nex t Raman band a t 1118 cm” 1 can a lso  be assigned  to  a NH* 
rocking mode in agreem ent with the assignm en t o f Susi e t al. [115] o f 
a NH* rocking mode to  a solid s ta te  Raman band a t  1140 cm ”1. This 
band exhib its positive ROA intensity  as does th e  corresponding  NH* 
rocking mode in the  ROA spectrum  of serine a t  1125 cm ”1. Following th is 
fea tu re  is a Raman band a t ~ 1145 cm  ^ which show s no discern ib le ROA 
in ten sity  and may originate from a mode o f the CH2 group b u t may also  
con tain  som e con tribu tions from a NH* rocking m ode. This band is 
observed  in th e  Raman spectra of cysteine a t  low, neu tra l and high pH 
w hich re in fo rces th e  assignm ent to  a CH2 mode.
In the  Raman spectrum  of serine th e  CH2 w agging m ode is coupled 
to  th e  in -p lane O -H  deform ation and occurs a t 1242 cm 1 w ith negative 
ROA in tensity . In cysteine, according to  Susi e t al. [115], the norm al 
m ode com position  is a lm ost pure CH2 w agging and occurs a t 1211 cm ”1. 
This band a lso  exhib its negative ROA in tensity  which su g g es ts  th a t the 
ROA in bo th  bands is generated prim arily from  th e  CH 2 moiety, perhaps 
via coupling w ith  a NH* rocking mode which occurs in th is  region in the 
sp ec tra  o f alanine (also with negative ROA in tensity ). This may indicate 
th a t  th e  geom etrical arrangem ent o f the  CH2 and NH* g roups is sim ilar 
in b o th  serine and cysteine.
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We now consider the region o f the spectrum  which is dom inated by
CH and CH2 modes. The f irs t o f these bands occurs a t 1268 cm 1 and
exh ib its  an ROA couplet, negative on the  low er frequency side and
positive on th e  higher. Susi e t al. [115] have assigned a solid  s ta te
Raman band a t 1269 cm 1 to  a CH2 wagging mode. However, we p re fe r
the  a ss ig n m en t to  a CH2 tw isting mode. No sim ilar fea tu re  is identified
in th e  ROA spectrum  of serine. This may indicate th a t d iffe re n t
con fo rm ations are adopted by these tw o m olecules in so lu tion . The nex t
band a t 1312 cm 1 shows no observable ROA in tensity . Susi e t al. C115]
assign  th is  band to  a m ixture of C -H  deform ation  (bending), CH 2
tw istin g  and th e  COO sym m etric s tre tch . The only way to  d istingu ish
betw een  th ese  alternatives is to  perform  an iso top ic  su b stitu tio n  study  on
cysteine-C D  and cysteine-CD 2 . It would help to  decide which Raman
bands aro se  from  which groups. The assignm ent of th e  next band a t 1351 
_ 1
cm , which has positive ROA in tensity , to  one o f the  o rthogonal C -H  
d efo rm ation  (bending) modes is much more s tra igh fo rw ard . Susi e t  al. 
[115] have m ade a sim ilar assignm ent and, the  fa c t th a t the same ROA 
in ten s ity  p a tte rn  is identified in the sp ec tra  o f alanine, serine and 
cyste ine , a lso  s trong ly  supports th is assignm ent to  a C -H  deform ation  
(bending). The sym m etric COO s tre tch  occurs a t 1403 cm 1 and, as in 
th e  sp e c tra  o f the  o ther amino acids studied, exh ib its negative ROA 
in tensity , probably  generated via coupling w ith the  ad jacent C -H  
defo rm atio n  (bending) mode.
The final band to  exhibit ROA in the spectrum  of cysteine occurs a t  
1430 cm -1 and has positive ROA intensity . In th e  ROA spectrum  o f serine 
no ROA in ten sity  was observed for th is band. This may once again 
ind icate  th a t  th e  CH2 group is held in a d iffe ren t conform ation  in th ese  
tw o m olecu les. However, th is band does show  som e sensitiv ity  to  pH,
- 98 -
sh iftin g  by 5 cm 1 a t pH ~ 0, which may indicate coupling o f the CH 2 
bend w ith  th e  sym m etric COO s tre tc h  in cysteine b u t no t in serine 
giving rise  to  a d ifferen t ROA p a tte rn . I t is the d iffe ren t behaviour o f 
the  CH2 m odes in cysteine as com pared to  serine which leads us to  
su sp e c t th a t  d iffe ren t conform ations are  adopted by th e se  tw o m olecules 
in so lu tion .
5.4 Valine
5.4.1 In troduction
The th ree  possib le rotam eric form s o f valine (2 -am ino-3-m ethy lbu tyric  
acid) are  show n in tab le 5.1. At pD = 5.7 the  m ajor ro tam er in so lu tion  is 
VI. This d iffe rs  from  th a t observed fo r serine. One in te res tin g  poin t to  
no te  is th a t, unlike serine where the  dom inant confo rm er popula tion  
reduces w ith  increasing pD, for valine it actually  increases. These da ta  
ind icate  th a t s te ric  interactions are no t the dom inant fo rce in deciding 
w hich confo rm er is favoured since one w ould expec t V to  have the  
lo w es t energy on th is basis. No VCD has been rep o rted  fo r th is m olecule 
in th e  region discussed in the p resen t w ork. As com pared to  the o th e r  
m olecu les we have studied no detailed  vibrational analysis o f valine is 
available in th e  litera tu re  and so the  assignm ents  given below  m u st be 
considered  as ten tative.
5.4.2 Vibrational analysis and ROA o f  valine
The Raman (top) and ROA (bottom ) spec tra  o f valine in w ater, pH * 
7, are  show n in fig. 5.5. The corresponding  Raman frequencies, ROA 
A -values and suggested  vibrational assignm ents are given in tab le  5.4. 
The ROA is relatively weak com pared to  the o th e r sam ples s tud ied . We 
th e re fo re  achieved a lower SNR than th a t in previous sp ec tra  probably
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Fig. 5.5. B ackscattered Raman (top) and ROA (bottom ) sp ec tra  o f  
L-valine in aqueous so lu tion . Experim ental conditions: exposure 
tim e 6 s, laser pow er 650 mW, acquisition tim e 4 hours, s l i t  
w id th  0.12 mm.
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Table 5.4 Raman frequencies, ROA A -values and vibrational 
assignm ents for L-valine in aqueous so lu tion
Frequencies 
(cm *)
A (180°)xl04 V ibrational assignm ents
637 -4.85 COO bend
~710 positive ?
760 -3.29 COO wag
813a +2.92
826 sym C-C s tre tch
833a -2.49
845 negative skel s tre tc h
889 C*-C s tre tc h
905a -4.34
945 CH rock3
960 CH , rock3
997 +16.8 NH* rock3
1026 ? NH* ro c k / CH , rock3 3
1067 NH* rock3
1079a +1.42
1110 asym CCN s tre tc h
1121a +7.15
1140 CH3 rock + C-C  s tre tc h
1155 a negative
1188a +1.03
1193 CH^ rock+ C—C s tre tc h
1271 -5.38 CH bend
1329 -1.13 sym CH3 bend
1357 +4.97 C*H bend
1414 -1.75 sym COO s tre tc h
14S1 +1.20 asym CH3 bend
1471 +2.34 asym CH3 bend
a frequencies of ROA bands
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because  the so lu tion  is relatively d ilu te  (~ 0.38M).
Beginning a t low frequency, the f irs t Raman band a t 637 cm 1 exhib its 
negative ROA in tensity  and by analogy w ith the o the r am ino acids (vide 
supra ) we assign it to  the bending vibration o f the COO-  group.
An unidentified Raman band a t ~ 710 cm 1 show s a b road  positive 
ROA signal. The assignm ent o f th is band is no t certain.
The nex t band a t 760 cm 1 show s negative ROA in tensity . The sam e 
fea tu re  is observed in the Raman and ROA sp ectra  of all the  am ino acids 
investigated  (except isoleucine and cysteine) and we th e re fo re  su g g es t 
th a t  th is  band be assigned to  a vibration of the COO-  group, probably 
th e  wagging mode. The bandshape is no t sym m etric which may indicate 
th e  presence o f m ore than  one conform er.
The adjacent band a t  826 cm E x h ib its  a ROA couplet, positive on the 
low er frequency side and negative on the higher. It has a sh o u ld er a t  ~ 
845 cm 1 which exhib its negative ROA intensity . We assign  th e  f ir s t  o f 
th e se  bands to  a sym m etric C-C s tre tch ing  vibration, which is know n to  
occu r in th is  region fo r isopropyl groups [118], and th e  second to  a 
sk e le ta l s tre tch ing  mode o f the  carbon chain, which is basically  n -bu tane  
in th is  molecule. In n -bu tane  itse lf  th is ske le ta l mode occurs a t 837 cm "1 
w hich w ould su p p o rt our assignm ent above. These tw o m odes rou tinely  
g en era te  large ROA in o th e r m olecules such as m enthol and m enthyl 
ch lo ride  [81] which a lso  contain  isopropyl groups.
The nex t Raman band occurs a t 889 cm *. However, the negative ROA 
in ten s ity  is observed a t 905 cm -1. One plausible in te rp re ta tio n  o f the 
orig in  o f th is band is the sym m etric CCN s tre tc h  which occurs a t  abou t 
850 cm -1 in alanine and serine w ith negative ROA in tensity . However, 
th reo n in e  (vide infra) exhib its a band a t 899 cm 1 a lso  w ith  positive ROA 
in ten s ity . This w ould indicate th a t a co rrec t assignm ent m igh t be to  a
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C -C  s tre tch in g  vibration, as in threonine. The question  o f the 
assig n m en t o f the sym m etric CCN s tre tch  in valine th e re fo re , rem ains 
uncertain . However, it may occur betw een th is band and the  one a t 845 
cm
The nex t tw o bands a t 945 cm 1 and a shou lder a t ~ 960 cm 1 
probab ly  orig inate from  m ethyl rocking modes. Since th e re  are  tw o 
n on-equ iva len t m ethyl groups in th is m olecule, tw o bands from  the 
sep a ra te  m ethyl rocking m odes m ight be expected to  occur close  to  one 
an o th er. They show little  o r no ROA intensity  which is c o n s is te n t w ith 
th e  behaviour o f relatively pure m ethyl rocking m odes as characterized  by 
th e  behaviour o f the methyl rocking modes of alanine in >6N-NaOH.
Follow ing these  tw o bands is a sm all Raman band a t  997 cm "1 which 
show s positive ROA intensity . O ur favoured assignm ent is to  a NH* 
rocking  mode by analogy to  a sim ilar feature in the  spectrum  of cysteine 
a t 990 cm 1 (vide supra). The co rrelation  betw een the ROA sign of these  
tw o  bands su g g es ts  th a t the  NH* group is held in a sim ilar conform ation  
in th e se  tw o m olecules.
The nex t Raman band a t 1026 cm 1 exhibits uncertain  ROA in tensity  
and may orig inate from  e ither a methyl o r NH* rocking m ode or 
a m ix tu re  of bo th  of them . The m easurem ent o f valine in >6N-NaOH, 
w here th e  com plication of NH* rocking modes are rem oved, m igh t perm it 
a m ore definitive assignm ent.
The Raman spectrum  is m ore com plex in the  region ~ 1050-1193 cm -1 
ad jacen t to  the 1026 cm ”1 band. An illu s tra tio n  of th is  is th a t m o st of 
th e  ROA bands lie away from  the  apparent cen tre  of the  Raman bands. 
T here are a t le a s t four Raman bands in this region a t 1067, 1110, 1140 
and 1193 cm ”1, respectively. The ROA bands occur a t 1079 cm "1 w ith  
positive ROA intensity , 1121 cm ”1 w ith positive ROA in te n s ity , form ing
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p a rt o f a ROA coup let w ith the next ROA band a t 1155 cm -1 which 
exh ib its  negative ROA intensity . The final ROA band in th is  reg ion  occurs 
a t 1188 cm 1 and show s positive ROA in tensity . M odes w hich w ould be 
expected  to  occur in th is region include m ethyl and NH* rocking and C-C 
and C -N  stretch ing . We suggest the follow ing assignm ents; the  band a t 
1067 cm 1 can probably be assigned to  a NH* rocking m ode and th a t a t 
1110 cm 1 probably orig inates from  the  an tisym m etric  CCN s tre tch in g  
mode which gives rise  to  a band with positive ROA in ten sity  in th e  o th e r 
am ino acids a t abou t the  same frequency, while the band a t 1140 cm -1 
can be assigned to  a m ethyl rocking mode plus C-C s tre tch in g  m odes of 
th e  ispropyl group Cl 063. The band a t 1193 cm 1 can a lso  be assigned  to  
a m ixture of m ethyl rocking and C-C s tre tch in g  [1063.
The next region o f the Raman spectrum , ~ 1250-1480 cm "1, a t f irs t  
inspection  appears relatively simple in te rm s o f the  to ta l  num ber of 
bands. There are six clearly identifiable Raman bands a t  1271, 1329, 
1357,1414, 1451 and 1471 cm respectively. They exhib it a negative, 
negative, positive, negative, positive, positive ROA in tensity  p a tte rn . Of 
th e se  bands th a t a t 1414 cm 1 can be readily assigned to  th e  sym m etric 
s tre tch in g  vibration of the  COO group. This gives rise to  negative ROA 
in tensity  in all the  amino acids we have investigated  (excep t isoleucine), 
w hich gives us confidence about th is assignm ent. A ccording to  C olthup, 
Daly and W iberley [1063 the  sym m etric m ethyl deform ation  (bend) a t 1370 
cm ’ 1 is sp lit in to  tw o when the m olecule con tains an isopropyl group 
(such as valine) b u t th e  antisym m etric m ethyl deform ation  (bend) a t 1465 
cm "1 should  give rise  to  only one Raman band. In valine we observe tw o 
Raman bands, a t 1451 and 1471 cm "1, in th e  region of the  sp ec tru m  w here 
the  antisym m etric m ethyl deform ation (bend) is expected  to  occur. This 
can only mean th a t the  m ethyl groups in valine are n on -equ iva len t. This
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conclusion is supported  by inspection of ro tam er VI. Follow ing C olthup  
e t al. [106] th is w ould indicate th a t we would exp ec t to  find fou r bands 
due to  the antisym m etric m ethyl deform ation (bend) a t  « 1465 cm 1, 
since in an isopropyl group the  m ethyls are norm ally  equivalent. This 
w ould be fu rth er com plicated by the presence o f the  o rthogonal C -H
deform ation  (bending) m odes in the  same region o f the  Raman spectrum
and since valine has tw o C -H  groups we would expec t fou r Raman bands. 
A lthough we should  th e re fo re  have eight Raman bands below  the 
frequency o f the sym m etric COO” stre tch ing  v ibration , we can identify 
only three. The f irs t o f these  bands occurs a t 1271 cm ’ 1 and since its  
frequency is sufficien tly  low no t to  be a sym m etric m ethyl deform ation  
(bend), we favour its  assignm ent to  one o f th e  o rthogonal C -H  
deform ation  (bending) m odes (probably from  the  C ^-H  group). We assign 
the  band a t 1329 cm 1 to  one of the sym m etric m ethyl deform ation  
(bending) modes, since none o f the amino acids stud ied  has a band w ith 
negative ROA in tensity  th a t can be assigned to  a C -H  group a t th is 
frequency. The rem aining band a t 1357 cm 1 is assigned  to  one o f the 
o rthogonal Ca -H  (a here has the same meaning as *, b o th  re fe r  to  the 
chiral carbon) deform ation  (bending) modes, since all the am ino acids we 
have investigated  (except isoleucine) have a band a t abou t th is  frequency 
w ith  positive ROA in tensity  which can only arise from  the  C -H  group. I t 
shou ld  be no ted  th a t the  tw o C-H groups are  held in a chiral 
arrangem ent to  one ano ther and th a t in teraction  betw een them  m ight be 
responsib le  fo r th e  ROA in tensity  observed in the  band a t  1271 cm -1. 
H owever, we s till favour in teraction  betw een the sym m etric COO” s tre tc h  
and the  C -H  deform ation  (bend) as the principal source of th e  ROA
in tensity  observed in th e  band a t 1357 cm
-  105 -
5.5 Threonine
5.5.1 In troduction
Threonine (2-am ino-3-hydroxybutyric acid) like the  o th e r  amino acids 
investigated  in th is chap ter can adopt th ree  minimum energy ro tam eric  
fo rm s which are shown in table 5.1. Like valine the  lo w est energy 
ro tam er is VI b u t unlike valine its stab ility  is low ered w ith  increasing pD 
to  high pH. This is presum ably the re su lt o f steric  in te rac tio n s  since the 
ro tam er population  which increases is the sterically  m o st favoured.
No VCD da ta  have been reported for th is m olecule in the  spec tra l 
region d iscussed  in the  p resen t work. A vibrational analysis o f threonine 
based  on the infrared  spectra  of threonine and som e bivalen t m etal 
com plexes has been p resen ted  by Inom ata e t al. [122].
5.5.2 Vibrational analysis and ROA o f  threonine
The Raman (top) and ROA (bottom ) spec tra  of L -th reon ine  in w ater, 
pH « 7, are show n in fig. 5.6. The corresponding Raman frequencies, ROA 
A -values and suggested  vibrational assignm ents are given in ta b le  5.5.
Beginning a t low frequency the f irs t Raman band a t 659 cm 1 exhibits 
positive ROA in tensity . Inomata e t al. [122] observe no band in th is 
region in the infrared spectrum  of threonine. The o th e r am ino acids we 
have studied  do have a Raman band in th is region which exh ib its  negative 
ROA in tensity  and which we have assigned to  the bending vibration of 
the  COO” group. We suggest th a t a sim ilar assignm ent is valid fo r 
threonine. The sign change in the ROA spectrum  may rep resen t d iffe ren t 
co n tribu tions to  the  normal mode from  the O -H  o u t-o f-p la n e  
deform ation  mode.
The nex t band a t 760 cm”1 exhibits an ROA couplet, positive on the 
low er frequency side and negative on the higher. Inom ata and co -w orkers
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Fig. 5.6. B ackscattered  Raman (top) and ROA (bo ttom ) sp e c tra  o f 
L -threonine in aqueous so lu tion . E xperim ental conditions: 
exposure tim e 4.5 s, laser pow er 750 mW, acqu isition  tim e 4 
hours, s l i t  w id th  0.12 mm.
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Table S.5 Raman frequencies, ROA A -values and assignm ents fo r 
L -threonine in aqueous solution
Frequencies 
(cm *)
A(180°)xl04 V ibrational assignm ents
659
750a
-6.00 COO bend+ o u t-o f-p la n e  O-H def
760 +0.59 COO wag+ o u t-o f-p la n e  O-H def
770 a -0.59
831a +2.75
847 CH3 rock+ o u t-o f-p la n e  O -H  def
867 -1.87 sym CCN s tre tc h
892a +11.4
899 C *-C (0  ) s tre tc h  2
935 +2.73 CH + NH! rock 3 3
995 +5.79 NH* rock
1045 -2.93 NH3 rock
1108 +3.63 asym CCN s tre tc h
1150 asyn CCO s tre tc h
1175 CH3 rock+ C-O(H) stretch+  C—O—H def
1275 -7.8 CH bend
1348 +3.04 C*H bend
1409 -2.07 sym COO s tre tc h
1460 +1.59 asym CH3 bend
1654 -1.37 NH* def o r asym COO s tre tc h
a frequencies o f ROA bands
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assign  an in frared  band a t 774 cm 1 to  an o u t-o f-p la n e  O -H  deform ation  
m ode. The Raman and ROA spectra  of the  o th e r amino acids we have 
s tu d ied  have a band a t ~ 770 cm 1 w ith negative ROA in tensity  which we 
have assigned  to  a wagging mode of the  COO group. The d iffe ren t ROA 
fea tu re  observed in threonine presum ably arises from  in terac tions betw een 
th is  m ode and the  o u t-o f-p la n e  O-H deform ation  in a sim ilar fashion to  
th a t  described  above for the COO bending mode. This is possib le  since 
th e se  tw o groups are geom etrically arranged  (vide ro tam er VI) so th a t
hydrogen bonding is possible.
• ““1The nex t region, 800-950 cm , is m ore com plex. Raman bands occur 
a t  847, 867, 899 and 935 cm 1 respectively. These give rise to  a positive 
(a t 831 cm 1), negative, positive (at 892 cm 1), positive ROA in tensity  
p a tte rn . The ROA bandshape of the  Raman band a t 847 cm 1 is n o t 
sym m etric  and may indicate the presence o f ano ther Raman band a t  
s lig h tly  low er frequency. This is also  supported  by the ROA data  (vide 
supra). Inom ata e t al. [122] assign infrared bands a t  877, 917 and 942 
cm 1 to  the follow ing modes: methyl rocking plus C-O  stre tch in g , the  
CCN sym m etric s tre tc h  and methyl rocking, respectively. In the  sp ec tra  
o f th e  o th e r am ino acids we have investigated  we have assigned the  
sym m etric  CCN s tre tc h  to  a Raman band a t ~ 850 cm 1 (which has 
negative ROA intensity) and the C -C  s tre tc h  to  a Raman band a t ~ 920 
cm ’ 1 (which has positive ROA intensity). We favour th e  assignm ent o f the  
Raman band a t 867 cm ’ 1 to  the sym m etric CCN s tre tc h  and the  Raman 
band a t  899 cm ’ 1 to  the C*-C stre tch ing  vibration, prim arily because they 
g en era te  a negative-positive ROA pa tte rn . The band a t 935 cm 1 is 
probab ly  a com bination of methyl and NH* rocking while th a t  a t 847 
cm ’ 1 can be considered to  arise from  a com bination of m ethyl rocking 
and the  in -p lane  O -H  deform ation.
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The n ex t band occurs a t 995 cm 1 and exhibits positive ROA
in ten sity . Inom ata and co-w orkers [122] observe no infrared  bands in th is  
region. We can assign th is band, by analogy to  cysteine (vide supra) to  a 
NH3 rocking mode since the frequencies and ROA signs are in ag reem en t 
(it may also  contain  some methyl rocking coordinates).
O nly one Raman band a t 1045 cm 1 with negative ROA in tensity  is 
observed  in the  region 1000-1100 cm "1. The m ost likely assignm ent is to  
a NH3 rocking mode, since th is is expected  to  occur in th is  region and 
by com parison  w ith  the ROA sp ec tra  o f o ther amino acids m ight w ell be 
expec ted  to  give negative ROA intensity .
The nex t Raman band a t 1108 cm 1 is broad and exh ib its positive
ROA in tensity . The Raman bandshape probably indicates th a t th e re  are a t  
le a s t  tw o bands underneath the observed band. Since it has positive ROA 
in ten s ity  we favour its  assignm ent to  the  antisym m etric CCN s tre tc h  by 
analogy w ith the spec tra  of the o th e r amino acids. Follow ing th is band 
are  tw o  Raman bands a t 1150 and 1175 cm 1, respectively , b o th  w ith  
l i t t le  o r no ROA intensity . The antisym m etric CCO s tre tc h  o f a secondary 
alcoho l (like threonine) is expected to  occur in th is region as is a
v ib ration  due to  a com bination o f C-O(H) s tre tch , m ethyl rocking and 
C -O -H  deform ation  [118]. We su g g es t th a t the band a t 1150 cm "1 is 
assigned  to  the  form er and th a t a t 1175 cm 1 to  the la tte r .
The final region of the Raman spectrum  of threonine is relatively  
easy to  in te rp re t based on the sp ec tra  we have already d iscussed . Four 
Raman bands a t 1275, 1348, 1409 and 1460 cm 1 , respectively , give rise  
to  a negative, positive, negative, positive ROA in tensity  p a tte rn . The band 
a t 1409 cm "1 can be im mediately assigned  to  the  sym m etric s tre tch in g  
v ib ration  of th e  COO” group by analogy w ith the  o th e r am ino acids 
investigated . The band a t 1460 cm 1 is a lso  easy to  assign, since in th is
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m olecu le the  only vibration which can occur in th is region is the  
an tisym m etric  m ethyl deform ation (bend). We assign the tw o rem aining 
bands to  C -H  deform ation (bending) m odes. The f irs t of these  occurs a t 
1275 cm  1 and originates from  the C ^-H  deform ation  (bending) mode. Like 
valine th e  tw o C-H  groups are held in a chiral arrangem ent to  one 
an o th e r (which can be confirm ed by visual inspection of ro tam er VI in 
ta b le  5.1) and so m ight be expected to  genera te  significant ROA in tensity . 
The o th e r  band a t 1348 cm 1 arises from  the  C“ -H  deform ation  (bend). 
This sam e fea tu re  a t ~ 1345 cm 1 is observed in the sp ec tra  o f the  o th e r  
am ino acids we have investigated which gives us confidence in our 
assignm en t. No band which can be assigned  to  the  sym m etric m ethyl 
defo rm ation  (bend) is observable in th e  Raman or ROA sp ec tra  o f 
th reon ine.
Finally, th e  ROA spectrum  of th reon ine exhibits a negative band a t  
1654 cm  1 (since no similar feature is observed in th e  sp ec tra  o f any of 
th e  o th e r  amino acids we have studied we are uncertain abo u t the  validity 
o f th is  feature). I t can be assigned to  e ither the an tisym m etric  COO 
s tre tc h in g  vibration or the degenerate NH3 deform ation as d iscussed  by 
Inom ata  and co-w orkers [122] for an infrared  band a t 1631 cm \  The 
ROA may rep resen t d ifferen t in te rac tions betw een the O -H , COO and 
NH* g roups in th is molecule com pared to  the o th e r am ino acids 
investigated .
5.6 Iso leucine
As fo r  the  o ther a-am ino acids stud ied  in th is chap ter isoleucine 
(2-am ino-3-m ethy lpen tano ic acid) can adop t th ree  possib le  minimum 
energy  confo rm ations in solution which are shown in tab le  5.1. A t neu tra l 
pD iso leucine is predicted from  NMR d a ta  {vide tab le  5.1) to  be a 50:50
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m ix tu re  of ro tam ers VI and VII. I t m ight be expected, th e re fo re , th a t  
th is  m olecule would exhibit l i t tle  ROA in tensity  if the  origin o f th e  ROA 
in tensity  is sim ilar in bo th  ro tam ers.
The Raman (top) and ROA (bottom ) spectra  o f isoleucine in w a te r are 
p resen ted  in fig. 5.7. As can be seen from  the ROA spectrum  th is  
m olecule does indeed show li ttle  ROA in tensity  in so lu tion . To il lu s tra te  
why th is  is the case we will consider the  generation o f ROA in th e  C ^-H  
deform ation  (bending) mode a t  ~ 1280 cm 1 in valine and threon ine. In 
ro tam er VI the tw o C-H groups c o n s titu te  a le ft-h an d ed  helix w hereas in 
ro tam er VII they form  a righ t-handed  helix. ROA genera ted  by in te rac tio n  
betw een  these tw o groups (ignoring any in teractions w ith  o th e r groups) 
is expected  to  be opposite and equal in these  tw o ro tam ers  leading to  an 
overall cancellation  o f ROA, which w ould appear to  be w hat is being 
observed. By changing the pH the opportun ity  arises o f determ ining  the 
ab so lu te  stereochem istry  of sim ilar system s since, from  the  ROA sign 
p a tte rn  of th is mode in valine and threonine (both negative corresponding  
to  ro tam er VI above), we can p red ic t the sign of th is  mode a t  high and 
low  pH for isoleucine (at low pH it  should  be positive correspond ing  to  
ro tam er VII and a t high pH it should  be negative co rresponding  to  
ro tam er VI). Therefore com bining the  ROA sign with the  d e term ina tion  of 
ro tam er populations from  NMR spectroscopy  should lead to  th e  ab so lu te  
s tereochem istry  o f system s containing tw o adjacent C -H  g roups such as 
ta r ta r ic  acid.
5.7 Conclusions
The main featu re  th a t can be identified in all the  am ino acid ROA 
sp e c tra  stud ied  in th is chap ter (except isoleucine) is th e  co u p le t 
em bracing the  Raman bands orig inating in the C ^-H  defo rm ation  (bend)
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Fig. 5.7. B ackscattered  Raman (top) and ROA (bottom ) sp e c tra  o f 
L-isoleucine in aqueous so lu tion . Experim ental conditions: 
exposure  tim e 6 s , laser pow er 750 mW, acquisition tim e 4 
hours, s lit w id th  0.12 mm.
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and the sym m etric COO stre tch . O therw ise th is  s tudy  once again 
em phasizes the unique natu re  of the ROA experim ent to  ac t as a probe 
fo r the  configuration and conform ation of chiral m olecules in so lu tion , 
since very few featu res (except those  noted above) recu r th ro u g h o u t the 
ROA spectra  of th ese  m olecules. In o rder to  m ake m ore defin itive 
vibrational assignm ents it  w ould be useful to  perform  ROA s tu d ie s  on 
chiral isotopically su b s titu te d  derivatives o f the  am ino acids s tu d ied  in 
th is  chapter. While realising th a t this may prove im possib le  fo r  the 
la rg e r amino acids such as valine, another s tra tegy  w ould be to  perfo rm  
a pH study since th is w ould enable assignm ents o f m odes a t tr ib u te d  to  
the  COO and NH* groups to  be made with m ore confidence w hile having 
very little  e ffec t on the ro tam eric populations in m o st cases ( vide tab le  
5.1).
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6 ROA OF IMINO ACIDS
6.1 In troduction
In the preceeding chap ters we considered the ROA o f sim ple am ino 
acids. We will now discuss the ROA exhibited by the  im ino acids proline 
(pyrrolidine-2-carboxylic acid) and 4-hydroxyproline (4 -hydroxypyrro lidene 
-2-carboxylic acid) (fig. 6.1). These are unique among th e  am ino acids on
H H
COOH
HO
H
COOH
H
Fig. 6.1. S tru c tu res  o f proline (left) and 4-hydroxyproline (righ t).
accoun t o f the ir five-m em bered ring s tru c tu re  and o f  th e  possib le  
c is - tra n s  isom erism  fo r a proline (4-hydroxyproline) res id u e  preceeding a 
peptide bond (fig. 6.2).
Therefore, a prelim inary study o f the ROA o f th e se  m olecu les is 
im p o rtan t if fu rth e r  work on the natu re  o f the pep tide bond  in proline 
and 4-hydroxyproline containing peptides and p ro te in s is to  b e  perform ed. 
A detailed  vibrational analysis of proline based on in fra red  and Raman 
sp ec tra  of D L-proline and L-proline in the so lid  s ta te  and aqueous 
so lu tions  a t pH = 1.0, 6.0 and 11.0 and infrared and Ram an sp e c tra  o f 
N -deu tera ted  D L-proline have been presen ted  by H erlinger and Veach 
Long C123L Inom ata e t al. Cl 243 have given a v ib rational analysis o f 
4-hydroxyproline based on infrared  sp ec tra  o f  p o lycrysta lline
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4-hydroxy-L-proline and som e metal com plexes w ith  4-hydroxyproline as 
a ligand. VCD data  in bo th  H20  and D20  fo r th ree  bands o f proline in 
the  region 127S-1331 cm 1 have been reported  by Freedman e t  al. [95]. 
The com parison of Raman spectra  o f proline in th e  solid s ta te  and in 
so lu tion  has been reported  by Deveney e t  al. Cl25] which indicated th a t 
the ring conform ation  in solu tion  is the  sam e as in the so lid  s ta te . 
Higuchi e t al. [126,127] have repo rted  ROA fo r proline and 
4-hydroxyproline in th e  spec tra l region 800-1500 cm  1 m easured in a 
depolarized 90° sca tte rin g  geom etry on a poor scanning instrum en t: 
however, th is d a ta  appears to  be unreliable w ith no co rre la tion  to  ou r 
re su lts .
1 2 R =H or OH R =amino acid side chain
H H
COO
X /
/ V
coo
H3N c
Fig. 6.2. S tru c tu re s  o f  tran s-X -p ro lin e  (left) and c is-X -p ro lin e  (right).
6.2 V ibrational analysis and ROA of pro line
The Raman (top) and ROA (bottom ) o f L -proline in aqueous so lu tion , 
pH * 7, are show n in fig. 6.3. The corresponding Raman frequencies, ROA 
A -values and su g g es ted  vibrational assignm ents are  p resen ted  in tab le  6.1.
Beginning a t  low frequency the  f irs t tw o  Raman bands a t  627 and 683 
cm”1, respectively , show  li ttle  o r no ROA in tensity . H erlinger and  Veach
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Fig. 6.3. B ackscattered  Raman (top) and ROA (bo ttom ) sp e c tra  o f 
L -pro line in aqueous solution. Experim ental conditions: exposure  
tim e 1.2 s, la se r pow er 625 mW, acquisition  tim e 2 h o u rs , s l i t  
w idth 0.12 mm.
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Table 6.1 Raman frequencies, ROA A -values and vibrational 
assig n m en ts  fo r L-proline
Frequencies 
(cm *)
A (180°)xl04 Vibrational assignm ent
627 COO bend
683 CH rock 2
788 -2.61 COO wag
863 +0.47 skel. s tre tch
915 +1.14 ring breathing
936a +7.01
950 C*-*C(0 ) s tre tc h  2
966a -7.97
996 -7.48 ring mode
1045 +6.94 ring mode
1095 -12.2 CH„ rock
1186 +1.22 NH* wag
1247 -4.68 CH2 wag
1284 -2.14 CH tw is t 2
1300 in-phase CH2 tw is t
1340 +6.08 C*H bend
1413 -1.70 sym COO s tre tc h
1452a -1.44
1464 CH„ bend 2
1473 a +0.26
1580a +1.47
1606 asym COO s tre tc h  o r NH* bend
1640a -4.07
a frequencies o f ROA bands
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Long Cl 23] assign  the  form er to a COO wagging vibration and the la t te r  
to  a COO bending vibration b u t based upon our previous work we 
su g g e s t th a t  th ese  assignm ents be revised. The band a t 627 cm 1 can be 
assigned  to  a COO bending mode by analogy w ith  our sp ec tra  of the 
o th e r  am ino acids (vide supra) while the band a t 683 cm 1 probably 
o rig ina tes  from  a CH2 rocking mode.
The nex t band a t 788 cm 1 exhibits negative ROA in tensity . H erlinger 
and Veach Long Cl 23] observe an infrared band a t 783 cm 1 and a Raman 
band a t 785 cm 1 b u t assign neither of them  to  a p articu la r vibration. 
The ROA sp ec tra  of o ther amino acids (vide supra) show  a band a t about 
th is  frequency, which has been assigned by us to  a wagging mode of the 
COO group and we favour a sim ilar assignm ent fo r proline.
H erlinger and Veach Long Cl23] identify th ree  Raman bands betw een 
800 and 900 cm \  These occur a t 845 cm 1 (assigned to  a CH2 rock), 
864 cm 1 (unassigned) and 889 cm 1 (assigned to  a NH* rock). We on the 
o th e r  hand observe only one relatively broad Raman band a t 863 cm -1 
(fig. 6.3), which exhibits sm all positive ROA in tensity . G arfinkel [128] 
su g g es ts  th is  band be assigned to  a skele ta l s tre tch in g  vibration. This 
presum ably  co rresponds to  the pyrrolidine ring s tre tch in g  mode a t 872 
cm "1 C118] which is observed in the Raman spectrum  o f pyrrolidine itse lf. 
Such a mode m igh t be expected to  generate  li tt le  ROA in tensity  since it  
does no t em brace a chiral s truc tu re .
The nex t Raman band a t 915 cm 1 also  exh ib its  sm all positive ROA 
in ten sity  and is the  m ost intense Raman band in th e  spectrum  of proline. 
I t can be assigned  [118,125] to  a ring breath ing  m ode which, fo r the 
reasons d iscussed  earlier, would n o t be expected  to  generate  large ROA 
in tensity . This ring breathing mode contains s ign ifican t con tribu tions from  
the  CCN stre tch in g  vibration [125]. A shou lder on th is  band a t ~ 950
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cm 1 exh ib its  an ROA couplet, positive on the  low er frequency side and 
negative on the  higher. One possible assignm ent of th is mode is to  the 
C -C (0  ) s tre tch ing  vibration which occurs in th is region in the spec tra  
o f th e  o th e r amino acids we have stud ied  so far ( vide supra). The ROA 
on th is  band could then be generated  by in teraction  of th is m ode w ith 
th e  CCN stre tch in g  vibration. We favour th is explanation fo r the
g enera tion  o f ROA in these tw o m odes in th e  spec tra  of the o th e r  amino
acids. The difference in the tw o observed ROA signals presum ably  arises
from  th e  incorporation of a localised CCN s tre tch in g  vibration in to  a 
rig id  ring.
The n ex t th ree Raman bands a t 996, 1045 and 1095 cm -1, respectively, 
give rise  to  a negative, positive, negative ROA in tensity  p a tte rn . The 
v ib ra tional assignm ent of these m odes is com plicated  by the possib ility  
o f various norm al modes contributing  to  th is  region o f th e  spectrum . 
H erlinger and Veach Long [123] assign th e  la tte r  tw o bands to  CH 2
w agging and rocking vibrations, respectively. This is co n s is tan t w ith the 
observation  th a t th is region is com plete ly  d iffe ren t in th e  Raman and 
ROA sp ec tra  o f 4-hydroxyproline, w here the  CH2 chain o f proline has 
been  modified. However, ano ther possib le  explanation fo r these  
d iffe ren ces  is th a t these bands m ight arise  from  ring modes as has been 
su g g es ted  by Deveney e t a/. [125] who assign  the  bands a t 996 and 1045 
cm ’ 1 to  ring modes based on the  com parison o f the spec tra  o f proline 
and pyrrolidine. We favour the la tte r  explanation  which only leaves the 
band a t  1095 cm ”1 unassigned in th is region o f the  Raman spectrum . It 
occu rs  in the Raman spectrum  a t  all th ree  pH values [123,125] which 
s tro n g ly  su g g ests  th a t it  does n o t arise  from  the  NH* or th e  COO" 
groups. One plausible assignm ent is to  a CH2 rocking m ode and in the 
absence o f  any o ther data  we suggest th a t  it be assigned  to  th is mode.
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This is co n s is te n t w ith the assignm ent of H erlinger and Veach Long (vide 
supra) [123]. We cannot, however, ru le  o u t th a t th is band in fac t
o rig ina tes  from  the  antisym m etric CCN stre tch in g  vibration which w ould 
be expected  to  occur in th is region and does genera te  large positive ROA
in ten s ity  in the  spec tra  o f the  o th e r amino acids we have stud ied  ( vide
supra). A lthough its  inclusion in to  a ring in th is com pound probably
changes th e  norm al mode com position  suffic ien tly  to  ignore th is  
possib ility  fo r the  Raman band a t  1095 cm ’ 1. I t may be th e  prim ary 
com ponen t of the  ring mode a t 1045 cm -1 which does exhibit positive 
ROA in tensity .
The nex t band a t 1186 cm 1 w ith sm all positive ROA in tensity  is
readily  assigned  to  a NH* wagging vibration [123] on account o f its
frequency  sh ift upon deuteration  of the  NH* group. No vibration o f the 
COO group occurs in th is sp ec tra l region which reinforces our 
assignm en t to  a mode of the NH* group, since no o ther p a rts  o f th is  
m olecule  shou ld  be sensitive to  deu tera tion . In addition, a sim ilar band 
occurs  in the  spectrum  of 4-hydroxyproline, also  with positive ROA
in tensity , which reinforces the assignm ent above.
Above 1200 cm 1 the Raman spectrum  of proline is more com plicated  
than  th o se  o f the  o ther amino acids we have studied. There are a t le a s t 
six Raman bands a t 1247, 1284, 1300, 1340, 1413 and 1464 cm 1 ,
respectively . O f these  the  band a t  1413 cm 1 which has negative ROA 
in ten sity  can be assigned to  the  sym m etric s tre tch in g  vibration of the 
COO” group w hile th a t a t 1464 cm 1 m u st orig inate from  a bending 
m ode o f the  CH2 group. This band probably exhibits a non-conservative 
ROA couplet, negative on the low er frequency side and positive on the  
higher. This leaves only the  f irs t fou r bands to  be assigned. The band a t  
1340 cm ”1 exh ib its  positive ROA in tensity  and by analogy w ith the  o th e r
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am ino acids we assign it to  one o f the o rthogonal C*-H defo rm ation  
(bending) modes. According to  C olthup e t al. [106] the in -p h ase  CH 2 
tw is t vibration in CH2 chains is a good group frequency which occurs in 
th e  Raman spectrum  a t 1300 ±  5 cm ”1. We there fo re  assign th e  band a t  
1300 cm  1 to  th is vibration: it exhib its no ROA intensity , as w ould  be 
expec ted  since th is mode does n o t em brace a chiral s tru c tu re . From  the  
ROA sp ec tra  ano ther Raman band can be identified a t 1284 cm ”1 w ith  
negative ROA intensity . The assignm ent of th is band and th a t  a t  1247 
cm 1 is aided by the assignm ent o f Deveney e t al. [125] o f tw o Raman 
bands a t  1283 and 1235 cm 1 to  the CH2 tw isting  and wagging v ib ra tions, 
respectively , based on com parisons betw een the Raman sp ec tra  o f pro line
and pyrrolidine. Freedman e t al. [95] have assigned infrared bands a t 1331
_ 1 £ 
and 1275 cm to  the  tw o orthogonal C -H  deform ation (bending) m odes
based  on the  com parison of the VCD sign p a tte rn  fo r proline, negative on
th e  fo rm er band and positive on the  la tte r, w ith o th e r amino acids. They
su g g e s t th a t an infrared band a t 1310 cm 1 with positive VCD in tensity
be assigned  to  a mode o f the  CH2 group. This probably co rresp o n d s  to
the  Raman band a t 1300 cm 1. The Raman band a t 1235 cm 1 shou ld
th e re fo re  be assigned to  a CH2 wagging mode while th a t a t  1284 cm ”1
probab ly  arises from  a CH2 tw isting  mode.
The final ROA signal observed in the  spectrum  of p ro line  is a 
non-conservative  ROA coup le t cen tred  a t ~ 1606 cm i , positive on the  
low er frequency side and negative on the higher. A probable ass ig n m en t 
o f th is  band is to  the antisym m etric COO stre tch ing  vibration a lth o u g h  
NH* bending cannot be ruled o u t since H erlinger and Veach Long [123] 
iden tify  infrared bands a t  1598 and 1611 cm \  respectively, w ith  th ese  
m odes ( vide section on 4-hydroxyproline). A pH study w ould answ er th is  
q u es tio n  autom atically  as well as aid in the low er frequency ass ig n m en ts
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of v ibrations due to  the COO and NH* groups b u t lack o f tim e m eant 
th a t  th is  was no t possible.
6.3 V ibrational analysis and ROA of 4-hydroxyproline
The Raman (top) and ROA (bottom ) spec tra  of 4 -hydroxyproline in 
w ater, pH w 7, are shown in fig. 6.4. The corresponding  vibrational 
frequencies, ROA A -values and suggested  vibrational a ss ig n m en ts  are 
p resen ted  in tab le  6.2.
Beginning a t  low frequency a b road  negative ROA band occurs a t 
ab o u t 610 cm 1. The only Raman band th a t can be observed in th is  region 
occurs a t ~ 600 cm 1. This sug g ests  th a t there may be an unobserved 
very weak Raman band as a high frequency shoulder to  the  band  a t 600 
cm *. Inom ata e t al. [124] assign an infrared  band a t 612 cm 1 to  a COO” 
w agging vibration and, based on the  spec tra  o f the o th e r am ino acids, we 
a lso  favour an assignm ent to  a vibration o f the  COO group, a lth o u g h  we 
su g g e s t th a t it  is the COO bending mode.
The nex t Raman band a t 700 cm 1 exhibits positive ROA in tensity  
and, in agreem ent w ith th e  assignm ent o f Inom ata and co -w o rk ers  [124], 
we assign  th is band to  an o u t-o f-p la n e  O-H deform ation . No sim ilar 
fea tu re  is observed in the sp ec tra  o f proline which re in fo rces  the 
assignm en t given above.
Betw een 700 and 800 cm 1 tw o bands are observed in the  Raman 
sp ec trum  of 4-hydroxyproline as com pared to  only one in th e  Raman 
sp ec trum  of proline. These occur a t 761 and 786 cm 1 and exh ib it positive 
and zero  ROA in tensity , respectively. Inom ata e t al. [124] assign  an 
in frared  band a t 753 cm ”1 to  a COO bending mode and an o th e r in frared  
band a t  765 cm ”1 to  an in-plane ring mode. In the  spectrum  o f  p ro line a 
band w ith  negative ROA in tensity  a t  788 cm 1 was assigned by us to  the
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Fig. 6.4. B acksca tte red  Raman (top) and ROA (bottom ) sp ec tra  o f 
4-hydroxyproline in aqueous so lu tion . Experim ental conditions: 
exposure tim e 1.2 s, la se r pow er 750 mW, acquisition tim e 2 
hours, s l i t  w idth  0.12 mm.
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Table 6.2 Raman frequencies, ROA A -values and 
vibrational assignm ents fo r 4-hydroxy-L-proline
Frequencies A (180°)xl04 
(cm *)
V ibrational assignm ents
600
610a
710
-7.63
+4.03
COO bend 
o u t-o f-p lan e  O -H  def
761 +5.12 O -H def o r ring mode
786 COO wag
856 ring mode
881 -1.75 ring mode
923 +99.2 C *-C (02) s tre tch
961 -4 .64 ring mode
1025 -4 .04 ring mode
1066 C-O(H) s tre tch
1088 +5.66 CHn rock
1189 +2.39 NH2 wag
1220 +2.91 CH2 wag+ in-plane O -H  def
1284 -2.34 CH2 tw ist
1325 +4.23 C*H bend
1366 -1.29 see te x t
1410
1440a
1451
1469a
see te x t 
-2.02
+0.46
sym COO s tre tc h
CH bend 2
1584a
1608
1639a
+3.02
-1.59
NH2
a frequencies of ROA bands
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w agging mode o f th e  CO O - group. We propose there fo re  th a t  th e  second 
band in th is region in the  Raman spectrum  of 4-hydroxyproline is 
assigned  to  th is mode w hile the f irs t band may orig inate from  e ither an 
O -H  deform ation  o r a ring mode, w ith the la tte r  being m ore likely.
The next tw o Raman bands a t 856 and 881 cm 1 have been assigned 
by b o th  Garfinkel Cl 28] and Deveney e t al. Cl 25] to  ring m odes. Deveney 
and co -w orkers Cl25] su g g es t th a t th is  doublet corresponds to  the  Raman 
band in proline a t  915 cm \  with the sp litting  caused by the presence of 
the  hydroxyl group. The f ir s t  of these bands shows zero  ROA intensity  
w hile the second, which exhibits negative ROA in tensity , seem s to  be 
involved in a ROA co u p le t w ith a Raman band a t 923 cm 1 w hich exhibits
positive ROA in tensity . We suggest th a t th is co u p le t o rig inates  in
$ — 1 coupling betw een the  C - C (0 2> stre tch ing  vibration a t 923 cm and a
ring vibration w hich orig inates predom inately in the  sym m etric CCN
stre tch in g  vibration since a sim ilar fea tu re  is seen in the sp ec tra  o f m ost
o f th e  amino acids s tud ied  so far. The ROA A-value fo r th e  band a t 923
cm "1 ( vide tab le  6.2) is an order of m agnitude la rger as com pared to
m o st observed A -values, which may indicate a large co n tribu tion  to  the
ROA in tensity  from  the  G* tenso r bu t only a sm all co n tribu tion  from
a  . The ring m ode a t 856 cm 1 may well contain a con tribu tion  from  theotg
sym m etric CCO s tre tch in g  vibration which should occur in th is  region for 
secondary alcohols such  as 4-hydroxyproline [118].
As d iscussed in the  section  on the vibrational analysis o f proline the 
n ex t region, 930-1100 cm -1, of the tw o sp ec tra  show s the  m ost
differences. This is  n o t unexpected since vibrations o f th e  O -H  group 
will con tribu te  to  th e  norm al modes in th is region in the  spec trum  of 
4-hydroxyproline. The f ir s t  band in th is region occurs a t 961 cm 1 and 
show s negative ROA in tensity . Inom ata et al. [124] assign  an infrared
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band a t 960 cm 1 to  an in-p lane ring mode. Since we have assigned  a 
band a t 996 cm 1 in th e  Raman spectrum  of proline w ith  negative ROA 
in tensity  to  a ring mode we favour a similar assignm ent here. We also 
assign  the nex t Raman band a t 1025 cm 1, which show s negative ROA 
in ten sity , to  ano ther ring mode. This band has a d iffe ren t sign from  the 
corresponding  mode in the  proline spectrum  which presum ably  involves 
co n trib u tio n s  from  C-O(H) s tre tch ing  coordinates. The nex t band a t 1066 
cm 1 exhib its no ROA in tensity . Since no similar Raman band is observed 
in th e  spectrum  of proline we assign it to a C-O(H) s tre tch in g  mode. 
The final Raman band in th is  region occurs a t 1090 cm "1 and exhibits 
positive ROA in tensity  and , by analogy with our assignm ent o f a band a t 
1095 cm 1 in the proline spectrum  to  a CH2 rocking mode, we su g g es t a 
s im ilar assignm ent here. The ROA presum ably changes sign because of 
th e  d iffe ren t environm ents o f the  CH2 groups in 4-hydroxyproline.
The assignm ent o f the nex t Raman band a t 1189 cm 1 which exhibits 
positive ROA in tensity  is much easier. We assigned a band o f  the  same 
frequency in the  Raman spectrum  of proline also  w ith positive ROA 
in ten sity  to  the  wagging mode of the NH* group and we favour a sim ilar 
assignm ent in th is case.
As fo r proline the nex t group of Raman bands will be discussed  
to g e th er. The f irs t o f th e se  occurs a t 1220 cm 1 and show s positive ROA 
in tensity . Deveney e t al. [125] assign this band to  a CH2 w agging m ode, 
w hile Inom ata and co -w orkers  [124] assign an infrared  band a t  1211cm"1 
to  an in-p lane O -H  deform ation  mode and another band a t 1232 cm 1 to  
a CH 2 wagging mode. We assigned a proline band a t  1247 cm \  w ith 
negative ROA in tensity , to  a CH2 wagging mode and since the  ROA 
changes sign we propose th a t in 4-hydroxyproline th is band is assigned 
to  a m ixture of CH2 w agging and the in-plane O -H  defo rm ation  modes.
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The follow ing band a t  1284 cm 1 show s negative ROA in tensity . Deveney 
and co -w o rk ers  [125] p o s tu la te  th a t the  CH2 tw isting  and CH2 wagging 
m odes of pro line and pyrrolidine decrease in frequency in 
4-hydroxyproline. W hile in our spec tra  th is is true  fo r the  wagging mode 
(vide supra) it  does no t appear to  be tru e  fo r th e  tw is tin g  mode which 
occurs a t exactly  the  sam e frequency and has th e  sam e ROA sign in the 
sp ec tra  o f b o th  pro line and 4-hydroxyproline. We however, s till p refer 
the  assignm ent o f th e  band a t 1284 cm ’ 1 in th e  spectrum  of 
4 -hydroxyproline to  a CH2 tw isting mode. The nex t band occurs a t 1325 
cm 1 and exh ib its positive ROA intensity . From our previous stud ies on 
o th e r amino acids we su g g est th a t th is band is assigned  to  one of the 
o rthogonal C“ -H  deform ation  (bending) m odes. In the  sp ec tra  of the 
o th e r amino acids th is  band is involved in an ROA co u p le t w ith the 
sym m etric COO stre tch in g  vibration which typically  has negative ROA 
in tensity . In th is  m olecule th is band occurs a t  1410 cm 1 and probably 
exhib its negative ROA in tensity  (although the  band shape is com plicated). 
I t th e re fo re  appears th a t in 4-hydroxyproline the  in terac tion  between 
th ese  m odes is n o t the same as in o th e r am ino acids. Inom ata e t al. 
[124] also  assign  th is  band to  a C-H deform ation  (bending) mode. These 
tw o bands are  separa ted  by a band a t 1366 cm 1 w ith negative ROA 
in tensity . Inom ata and co-w orkers [124] assign th is  band to  a CH2 
tw isting  vibration. However, the presence of a defo rm ation  (bending) 
m ode o f the  CY-H  group cannot be ru led  out. The final band in th is 
sp ec tra l region occurs a t 1451cm”1 and exhib its a non-conserative ROA 
coup let, la rge and negative on the low er frequency side and sm all and 
positive on the  high. I t can be assigned [124] to  a CH2 bending vibration. 
The p a ren t Raman band is non-sym m etric  and th is may indicate th a t the 
tw o CH2 groups are in d ifferen t environm ents in 4-hydroxyproline leading
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to  tw o  separa te  CH2 bending modes a t about the  sam e frequency.
The final Raman band a t  ~ 1613 cm 1 can be assigned  to  either the 
an tisym m etric  COO s tre tch in g  vibration or the NH* bending vibration. It 
exh ib its  a non-conservative ROA couplet, positive on the  higher frequency 
side and negative on the  lower. The relative size of th ese  tw o ROA bands 
are opposite  to  th a t m easured in pro line. This may indicate th a t this 
vibration o rig inates from  the  NH* bending m ode. In 4-hydroxyproline 
in terac tions  betw een  the  NH* group and the  so lven t (w ater) are possible 
because  le hydroxyl group destroys the hydrophobic ch a rac te r of the
CH 2 cha and a llo w s w ater m olecules to  approach the  NH* group from
th e  side o f  th e  m olecule opposite to  the COO group. The situation  is 
d iffe ren t in pro line because the CH2 chain is hydrophobic and repels any 
w ate r m olecules th a t  try  to  bond to  the NH* group from  th e  side of the 
ring opposite  to  the  COO group.
6.4 C onclusions
The Raman and ROA spectra o f proline and 4-hydroxyproline are 
com plete ly  d iffe re n t. The major correlations betw een the  sp ec tra  are the 
vibration o f the  NH* group a t ~ 1187 cm \  the  CH tw isting  mode a t 
1284 cm "1 and the  Ca -H  deform ation mode a t ~ 1330 cm 1 along w ith 
the  mode a t ~ 1610 cm ’ 1 (which may arise from  e ith er the COO o r NH*
groups). Some o f th e  Raman bands o f proline and 4-hydroxyproline
[123,125] sh if t in frequency upon pH changes, and in the  fu tu re  a pH 
dependen t s tudy  o f th is  m olecule should  be perform ed. This would (as 
fo r the  o th e r am ino acids investigated) help to  verify the assignm ents of 
bands due to  the  COO" and NH* groups. Proline and 4-hydroxyproline 
d iffe r from  th e  o th e r am ino acids studied  in th is  w ork. W hen proline and 
4-hydroxyproline m olecules are incorporated  by condensation  into a
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peptide chain, th e  re su lta n t peptide bond contains only one N-H group 
(fig. 6.2) as com pared to  two when o the r amino acids are  linked to ge ther. 
The Raman band fo r th is mode occurs in the am ide III region of the  
spec trum  (1230-1300 cm *) [44], and m ight th e re fo re  be used as a probe 
of th e  confo rm ation  around this particu la r peptide bond, especially  since 
the  possib ility  o f c is-tra n s  isomerism arises [129]. One possib le way o f 
probing the  s te reochem istry  of th is linkage is to  m easure the  Raman and 
ROA sp ec tra  o f sim ple peptides containing proline (4-hydroxyproline) 
residues and investigate  the sign of the ROA on his m ode. The re su lts  
could  then  hopefu lly  be applied to  polypeptides and p ro te ins.
Finally we once again emphasize th a t the v ibrational analysis given 
fo r pro line and 4-hydroxyproline is approxim ate, due mainly to  the lack 
of iso top ic  su b s titu tio n  data and th a t care has to  be taken  in the 
in te rp re ta tio n  o f the  spectra  and especially its  ex trap o la tio n  to  m ore 
com plex sy stem s containing proline (4-hydroxyproline) residues.
-  130 -
REFERENCES
[1] S. F. M ason, in ’O ptical Activity and Chiral D iscrim ination,' ed. S. F. 
M ason, Reidel, D ordrecht, 1979, p .l.
[2] L. D. Barron and J. Vrbancich, in 'Advances in In frared  and Raman
Spectroscopy ,’ eds. R. J. H. Clark and R. E. H ester, Wiley, C hichester, 
1985, vol. 12, p .215.
[31 A. D. Buckingham and R. E. Raab, Proc. Roy. Soc. (London) A, 1975, 
345, 365.
[4] P. Salvadori and F. Ciardelli, in 'Fundam ental A spects and Recent
D evelopm ents in O ptical Rotatory D ispersion and C ircular D ichroism ,’ eds. 
F. C iardelli and P. Salvadori, Heyden, London, 1973, p .3.
[51 T. A. Keiderling, in 'Practical Fourier T ransform  Infrared
S pectroscopy ,’ eds. J. R. Ferraro and K. K rishnan, Academic Press, San
Diego, 1990, p .203.
C6] H. W ynberg and L. A. Hulshof, Tetrahedron, 1974, 30, 1775.
[7] F. K huong-H uu, J .-P . Le Forestier and R. G outared, T etrahedron , 1972, 
28, 5207.
[8] L. D. Barron, 'M olecular Light S cattering  and O ptical Activity,’
C am bridge U niversity Press, Cambridge, 1982.
[9] P. L. Polavarapu, in 'Vibrational Spectra  and S tru c tu re ,’ eds. H. D. 
Bist, J. R. Durig and J. F. Sullivan, Elsevier, A m sterdam , 1989, vol. 17B, 
p.319.
[10] L. D. Barron, in 'V ibrational Spectra and S tru c tu re ,’ eds. H. D. Bist,
J. R. Durig and J. F. Sullivan, Elsevier, A m sterdam , 1989, vol. 17B, p. 343.
[11] L. A. Nafie and C. G. Zimba, in 'B iological A pplications o f Raman
Spectroscopy ,' ed. T. G. Spiro, Wiley, New York, 1987, vol. 1, p .307.
[12] L. D. Barron, M. P. Bogaard and A. D. Buckingham , J. Am. Chem.
- 131 -
Soc., 1973, 95, 603.
[13] W. Hug, S. Kint, G. F. Bailey and J. R. Scherer, J. Am. Chem. Soc., 
1975, 97, 5589.
[14] G. H olzw arth , E. D. Hsu, H. S. M osher, T. R. Faulkner and A. 
M oscow itz, J. Am. Chem. Soc., 1974, 96, 251.
[15] L. A. Nafie, J. C. Cheng and P. J. S tephens, J. Am. Chem. Soc., 1975, 
97, 3842.
[16] P. L. Polavarapu, Appl. Spectrosc., 1984, 38, 26.
[17] F. Devlin and P. J. Stephens, Appl. Spectrosc., 1987, 41, 1142.
[18] L. A. Nafie, M. Diem and D. W. Vidrine, J. Am. Chem. Soc., 1979, 
101, 496.
[19] C. Graham, Proc. Roy. Soc. (London) A, 1980, 369, 517.
[20] L. D. B arron and J. R. Escribano, Chem. Phys., 1985, 98, 437.
[21] K. M. Spencer, T. B. Freedman and L. A. Nafie, Chem. Phys. Lett., 
1988, 149, 367.
[22] D. Che, L. H echt and L. A. Nafie, in 'Proceedings of the Tw elfh 
In te rn a tio n a l C onference on Raman Spectroscopy,’ eds. J. R. Durig and J. 
F. Sullivan, Wiley, C hichester, 1990, p .846.
[23] L. H echt, D. Che and L. A. Nafie, Appl. Spectrosc., 1991, 45, 18.
[24] L. A. Nafie, D. Che, G.-S. Yu and T. B. Freedman, in Biom olecular 
S pectroscopy  II,' eds. R. R. Birge and L. A. Nafie, SPIE, 1991, vol. 1432, 
p .37.
[25] L. A. Nafie and T. B. Freedman, Chem. Phys. Lett., 1989, 154, 260.
[26] L. H ech t and L. D. Barron, Appl. Spectrosc., 1990, 44, 483.
[27] D. Che, L. H echt and L. A. Nafie, Chem. Phys. L ett., 1991, 180, 182.
[28] L. H ech t and L. A. Nafie, Mol. Phys., 1991, 72, 441.
[29] P. L. Polavarapu, Chem. Phys. Lett., 1988, 148, 21.
[30] P. L. Polavarapu, Spectrochim. Acta., 1990, 4SA, 171.
- 132 -
[31] L. H ech t and L. A. Nafie, Chem. Phys. Lett., 1990, 174, 575.
[32] M. R. Oboodi, M. A. Davis, II. Gunnia, M. B. Blackburn and M. Diem,
J. Raman Spectrosc., 1985, 16, 366.
[33] W. Hug and H. Surbeck, Chem. Phys. Lett., 1979, 60, 186.
[34] L. H echt and L. D. Barron, Spectrochim . Acta., 1989, 45A, 671.
[35] W. Hug, in ’Raman Spectroscopy,’ eds. J. Lascombe and P. V. H uong,
W iley-H eyden, C hichester, 1982, p.3.
[36] L. H echt, L. D. Barron and W. Hug, Chem. Phys. Lett., 1989, 158, 
341.
[37] L. D. Barron, L. Hecht, A. R. Gargaro and W. Hug, J. Raman 
S pectrosc ., 1990, 21, 375.
[38] P. J. S tephens, J. Phys. Chem., 1985, 89, 748.
[39] A. D. Buckingham, P. W. Fowler and P. A. Galwas, Chem. Phys., 
1987, 112, 1.
[40] P. L. Polavarapu, J. Phys. Chem., 1990, 94, 8106.
[41] W. R. Salzm an, J. Chem. Phys., 1977, 67, 291.
[42] P. L. Polavarapu, J. Chem. Phys., 1987, 86, 1136.
[43] L. D. Barron and C. J. Johnston , J. Raman Spectrosc., 1985, 16, 208.
[44] L. D. Barron, A. R. Gargaro and Z. Q. Wen, J. Chem. Soc. Chem. 
Com m un., 1990, 1034.
[45] L. D. Barron, A. R. Gargaro and L. Hecht, in 'Proceedings o f the 
T w elfh  In terna tiona l Conference on Raman Spectroscopy,’ eds. J. R. Durig 
and J. F. Sullivan, Wiley, Chichester, 1990, p .834.
[46] L. D. Barron, A. R. Gargaro, Z. Q. Wen, D. D. MacNicol and C. 
B u tte rs , T etrahedron  Asymmetry, 1990, 1, 513.
[47] L. D. Barron, A. R. Gargaro, L. H echt, Z. Q. Wen and W. Hug, in 
’Laser A pplications in Life Sciences P art One: Laser D iagnostics o f 
B iological M olecules and Living C ells-L inear and Nonlinear M ethods,’ eds.
-  133 -
S. A. Akhmanov and M. Y. Poroshina, SPIE, vol. 1403, p.66.
[48] L. D. Barron, A. R. Gargaro and Z. Q. Wen, Carbohydr. Res., 1991, 
210, 39.
[49] L. D. Barron, A. R. Gargaro, L. H echt and P. L. Polavarapu,
Spectrochim . Acta., 1991, 47A, 1001.
[50] L. D. Barron, A. R. Gargaro, L. H echt and P. L. Polavarapu,
Spectrochim . Acta., in press.
[51 ] L. D. Barron, A. R. Gargaro, L. H echt, H. Sugata, P. K. Bose and P. 
L. Polavarapu, Spectrochim  Acta., su b m itte d  fo r  publication.
[52] L. D. Barron, L. Hecht, A. R. G argaro, Z. Q. Wen and W. Hug, J. 
Raman Spectrosc., su b m itted  fo r  publication.
[53] L. B. Barron and A. D. Buckingham, Mol. Phys., 1971, 20, 1111.
[54] L. D. Barron and A. D. Buckingham, Ann. Rev. Phys. Chem., 1975, 26,
381.
[55] W. Hug, Appl. Spectrosc., 1981, 35, 115.
[56] J. R. Escribano, Chem. Phys. Lett., 1985, 121, 191.
[57] L. H echt, B. Jordanov and B. Schrader, Appl. Spectrosc., 1987, 41, 
295.
[58] L. H echt and B. Jordanov, O ptik, 1987, 75, 167.
[59] D. L. Andrews, J. Chem. Phys., 1980, 72, 4141.
[60] M. J. Frish, Y. Yamaguchi, J. F. Gaw, H. F. Schafer III and J. S.
B inkley, J. Chem. Phys., 1986, 84, 531.
[61] R. D. Amos, Chem. Phys. Lett., 1986, 124, 376.
[62] R. D. Amos, Chem. Phys. Lett., 1982, 87, 23.
[63] R. D. Amos and J. E. Rice, CADPAC: The Cam bridge A nalytical 
D erivative Package, Issue 4.0, Cam bridge, 1987.
[64] P. K. Bose, L. D. Barron and P. L. Polavarapu, Chem. Phys. L ett., 
1989, 155, 423.
-  134 -
[65] P. K. Bose, P. L. Polavarapu, L. D. Barron and L. H echt, J. Phys. 
Chem ., 1990, 94, 1734.
[66] T. M. Black, P. K. Bose, P. L. Polavarapu, L. D. Barron and L. H echt, 
J. Am. Chem. Soc., 1990, 112, 1479.
[67] L. D. Barron, J. F. Torrance and D. J. C utler, J. Raman Spectrosc., 
1987, 18, 281.
[68] M. R. Vavra and T. A. Keiderling, in 'Proceedings o f the  E leventh 
In te rna tiona l C onference on Raman S pectroscopy ,’ eds. R. J. H. C lark and 
D. A. Long, Wiley, C hichester, 1988, p.973.
[69] D. N. Batchelder, European S pectroscopy News, 1988, 80, 28.
[70] J. E. Pem berton, R. L. Sobocinski, M. A Bryant and D. A. C arter, 
Spectroscopy, 1990, 5, 26.
[71] L. D. Barron, L. Hecht, W. Hug and M. J. M acintosh, J. Am. Chem.
Soc., 1989, 111, 8731.
[72] M. M. Carrabba, K. M. Spencer, C. Rich and D. Rauh, Appl. 
S pectrosc ., 1990, 44, 1558.
[73] M. J. P elle tier and R. C. Reeder, Appl. Spectrosc., 1991, 45, 765.
[74] C. G. Zimba, T. B. Freedman, K. M. Spencer, X.-M. Hu and L. A. 
Nafie, Chem. Phys. Lett., 1987, 134, 233.
[75] P. M. Epperson and M. B. D enton, Anal. Chem., 1989, 61, 1513.
[76] H .-O . Hamaguchi, Appl. Spectrosc. Rev., 1988, 24, 137.
[77] L. D. Barron, in ’O ptical Activity and Chiral D iscrim ination,’ ed. S. F. 
M ason, Reidel, D ordrecht, 1979, p .219.
[78] L. D. Barron, J. R. Escribano and J. F. Torrance, Mol. Phys., 1986, 57, 
653.
[79] L. D. Barron, L. H echt and P. L. Polavarapu, Chem. Phys. Lett., 1989, 
154, 251.
[80] L. D. Barron and P. L. Polavarapu, Mol. Phys., 1988, 65, 659.
-  135 -
[81] L. D. Barron, L. H echt and S. M. Blyth, Spectrochim . Acta., 1989, 
45A, 375.
[82] L. D. Barron and J. R. Escribano, Chem. Phys. Lett., 1986, 126, 461.
[83] D. J. C arter, 4th year pro ject, University of Glasgow, 1986.
[84] J. O. Bjarnason, H. C. A nderson and B. S. Hudson, J. Chem. Phys., 
1980, 72, 4132.
[85] J. L. Oudar, C. M inst and B. A. Garetz, J. Chem. Phys., 1982, 76, 
2227.
[86] G. Wagniere, J. Chem. Phys., 1982, 77, 2786.
[87] F. W. Schneider and R. Brakel, in 'Proceedings of the  T enth  
In terna tional Conference on Raman Spectroscopy,’ eds. W. L. Petico las 
and B. S. Hudson, University Printing Departm ent, U niversity o f O regon, 
O regon, 1986, 20-4.
[88] S. A. Akhmanov. V. F. Kamalov and N. I. Koroteev, in ’Laser 
S catte ring  Spectroscopy o f Biological M olecu les,’eds. J. Stgp^nek, P. 
A nzenbacher and B. Sedlcl£ek, Elsevier, Amsterdam , 1987, p.67.
[89] R. Brakel and F. W. Schneider, in 'Advances in N on-Linear 
Spectroscopy,’ eds. R. J. H. Clark and R. E. H ester, Wiley, C hichester, 
1988, p.l 49.
[90] F. W. Schneider, R. Brakel and H. Spiegal, Ber. B unsenges. Phys. 
Chem., 1989, 93, 304.
[91] P. C. Lyu, P. C. Wang, M. I. Liff and N. R. Kallenbach, J. Am. Chem. 
Soc., 1991, 113, 3568.
[92] M. Diem, P. L. Polavarapu, M. Oboodi and L. A. Nafie, J. Am. Chem. 
Soc., 1982, 104, 3329.
[93] S. F. A. K ettle, E. Lugwisha, P. Vorderwisch and J. E ckert, 
Spectrochim . Acta., 1990, 46A 921.
[94] M. Diem, J. Am. Chem. Soc., 1988, 110, 6967.
-  136 -
[95] T. B. Freedman, A. C. Chernovitz, W. M. Zuk, M. G. Paterlin i and L. 
A. Nafie., J. Am. Chem Soc., 1988, 110, 6970.
[96] W. M. Zuk, T. B. Freedman and L. A. Nafie, J. Phys. Chem ., 1989, 93, 
1171.
[97] D. M. Byler and H. Susi, Spectrochim . Acta., 1979, 35A, 1365.
[98] H. Susi and D. M. Byler, J. Mol. S truct., 1980, 63, 1.
[99] G. C. Percy and H. S. S ten ton , J. Chem. Soc. D alton Trans., 1976, 
2429.
[100] R. Hohmann, D octoral Thesis, University of Toledo, 1982.
[101] W. J. Hehre, L. Radom, P. v. R. Schleyer and J. A. Pople, 'A b  Initio  
M olecular O rbital Theory,’ Wiley, New York, p .226.
[102] J. S. Alper, H. Dothe and M. A. Lowe, Chem. Phys. L ett., 1989, 163, 
571.
[103] P. L. Polavarapu, Chem. Phys. Lett., 1989, 163, 576.
[104] C. D estrade, C. G arrigou-Lagrange and M.-T. Forel, J. Mol. S tru c t., 
1971, 30, 203.
[105] F. D. Verderame, J. A. Lannon, L. E. Harris, W. G. Thom as and E. 
A. Lucia, J. Chem. Phys., 1972, 56, 2638.
[106] N. B. C olthup, L. H. Daly and S. E. Wiberly, ’In troduction  to  
In frared  and Raman Spectroscopy,’ Academic Press, New York, 1975, 2nd 
ed.
[107] R. Bursi, F. J. Devlin and P. J. S tephens, J. Am. Chem. Soc., 1990, 
112, 9430.
[108] R. Bursi and P. J. S tephens, J. Phys. Chem., 1991, 95, 6447.
[109] H. J. Himmler and H. H. Eysel, Spectrochim . Acta., 1989, 45A, 1077.
[110] M. Kainosho and K. Ajisaka, J. Am. Chem. Soc., 1975, 97, 5630.
[111] P. E. Hansen, J. Feeney and G. C. K. Roberts, J. Magn. Reson., 1975, 
17, 249.
-  137 -
[112] B. J. Dale and D. W. Jones, Spectrochim  Acta., 1975, 31 A, 83.
[113] K. D. B artle, D. W. Jones and R. L’Amie, J. Chem. Soc. Perkin 
Trans. II, 1972, 646.
[114] P. E. Hansen, J. G. B atchelor and J. Feeney, J. Chem. Soc. Perkin 
T rans. II, 1977, 50.
[115] H. Susi, D. M. Byler and W. V. Gerasimowicz, J. Mol. S truc t., 1983, 
102, 63.
[116] K. Machida, M. Izumi and A. Kagayama, Spectrochim  Acta., 1979, 
35A, 1330.
[117] Y. Inom ata, T. Inom ata and T. Moriwaki, Bull. Chem. Soc. Jpn., 
1971, 44, 365.
[118] F. R. Dollish, W. G. Fateley and F. F. Bentley, ’C harac teris tic  Raman 
Frequencies of O rganic Com pounds,’ Wiley, New York, 1974.
[119] Y. K. Sze, A. R. Davis and G. A. Neville, Inorg. Chem., 1975, 14, 
1969.
[120] Y. Ozaki, H. Sugeta and T. Miyazawa, Chem. Lett., 1975, 713.
[121] L. H echt, unpublished resu lts .
[122] Y. Inom ata, T. Takeuchi and T. Moriwaki, Spectrochim . Acta., 1984, 
40 A, 179.
[123] A. W. H erlinger and T. Veach Long II, J. Am. Chem. Soc., 1970, 92, 
6481.
[124] Y. Inom ata, T. Takeuchi and T. Moriwaki, Inorg. Chim. Acta., 1983, 
68, 187.
[125] M. J. Deveney, A. G. W alton and J. L. Koenig, Biopolym ers, 1971, 
10, 615.
[126] S. Higuchi, K. Tanaka and T. H attori, Asahi G arash Kogyo G ijutsu 
Shoreikai, 1985, 47, 99.
[127] S. Higuchi, K. Tanaka and S. Tanaka, Nippon Kagaku Kaishi, 1986,
-  138 -
11, 1632.
[128] D. G arfinkel, J. Am. Chem. Soc., 1958, 80, 3827.
[129] G. P. Harhay and B. S. Hudson, J. Phys. Chem., 1991, 95, 3511.
-  139 -
PUBLICATIONS
A Refereed Jou rnals
V ibrational Raman op tical activity in forw ard scattering : tran s-p in an e  and 
3-pinene.
L. D. Barron, L. H echt, A. R. Gargaro and W. Hug, J. Raman Spectrosc., 
1990, 23, 375-379.
V ibrational Raman op tical activity in peptides and pro teins.
L. D. Barron, A. R. G argaro and Z. Q. Wen, J. Chem. Soc. Chem.
Comm un., 1990, 1034-1036.
V ibrational Raman optical activity of cyclodextrins.
L. D. Barron, A. R. Gargaro, Z. Q. Wen, D. D. MacNicol and C. B utters, 
T etrahedron  A sym m etry, 1990, 1, 513-516.
V ibrational Raman optical activity of carbohydrates.
L. D. Barron, A. R. G argaro and Z. Q. Wen, Carbohydr. Res., 1991, 210,
39-49.
Experim ental and ab in itio  theoretical vibrational Raman optical activity of 
alanine.
L. D. Barron, A. R. G argaro, L. H echt and P. L. Polavarapu, Spectrochim .
Acta., 1991, 47A, 1001-1016.
V ibrational Raman op tical activity of alanine as a function  of pH.
L. D. Barron, A. R. Gargaro, L. H echt and P. L. Polavarapu, Spectrochim .
A cta., in p ress.
-  140 -
A Raman optical activity  in strum en t fo r biomedical s tud ies.
L. D. Barron, L. H echt, A. R. Gargaro, Z. Q. Wen and W. Hug, J. Raman 
Spectrosc., subm itted  fo r publication.
Experim ental and ab in itio  theore tical vibrational Raman op tical activity of 
ta rta ric  acid.
L. D. Barron, A. R. G argaro, L. Hecht, H. Sugeta, P. L. Polavarapu and P. 
K. Bose, Spectrochim . Acta., subm itted  for publication.
B C onference Proceedings
Raman optical activity  o f amino acids.
L. D. Barron, A. R. Gargaro and L. Hecht, in ’Proceedings of the Twelfh 
In terna tional C onference on Raman Spectroscopy,’ eds. J. R. Durig and J. 
F. Sullivan, Wiley, C hichester, 1990, p .834.
V ibrational Raman optical activity of biological m olecules.
L. D. Barron, A. R. Gargaro, L. Hecht, Z. Q. Wen and W. Hug, in ’Laser 
A pplications in Life Sciences Part One: Laser D iagnostics of Biological 
M olecules and Living C ells-L inear and Nonlinear M ethods,' eds. S. A. 
Akhmanov and M. Y. Poroshina, SPIE, 1990, vol. 1403, p .66.
V ibrational Raman optical activity of carbohydrates.
Z. Q. Wen, L. D. Barron, A. R. G argaro and L. Hecht, in 'S ixth European 
Symposium on C arbohydrate Chem istry,' The Royal Society o f Chem istry, 
Cam bridge, 1991, A.7.
V ibrational Raman optical activity of biological m olecules.
L. D. Barron, A. R. Gargaro, L. H echt and Z. Q. Wen, in Spectroscopy of
- 141 -
Biological M olecules,’ eds. R. E. H ester and R. B. Girling, The Royal 
Society of C hem istry, Cambridge, 1991, p.117.
- 142 -
tie R esearch, 210 (1991) 3 9 -4 9  
ience Publishers B .V ., A m sterdam
39
tional Raman optical activity of carbohydrates
tD. Barron, Angelo R. Gargaro, and Zai Q. Wen
Department, The U niversity, G lasgow  G 12 8 Q Q  (G rea t B ritain)
June 1st, 1990; accepted for publication , July 19th, 1990)
T
(rational R am an optical activity (R .o .a .)  spectra o f  a range o f  carbohydrates in aqueous solution , 
in back-scattering betw een 700 and 1500 cm -  ’, are presented. Features were revealed that appear  
icteristic o f  details o f  the stereochem istry. Effects associated w ith the glycosidic linkage in di- and  
harides are prom inent.
JCTION
leasurements of vibrational optical activity on chiral molecules can provide new 
lion on stereochemistry because a vibrational spectrum contains bands associ- 
ih every part of the molecule1. Vibrational optical activity in typical chiral 
es in the disordered phase was first observed using the Raman optical activity 
technique, which measures small differences in the Raman scattered intensities 
and left-circularly polarised incident light2,3. Until recently, lack of sensitivity 
rioted R.o.a. studies to favourable samples such as neat liquids4,5 , with the 
nentary technique of vibrational circular dichroism (v.c.d.) finding more appli- 
m studies of stereochemistry6. However, a recent major advance in R.o.a. 
sntation, based on the use of a back-scattering geometry7,8 (in place of the usual 
tering arrangement) together with a cooled charge-coupled device as detector9,
' rendered a much wider range of samples accessible to study. We now report 
pectra of a range of carbohydrates in aqueous solution, which indicate that this 
“e has potential for studies of the structure and stereochemistry of carbo- 
.1.
lost carbohydrates are not amenable to conventional electronic circular di- 
'(e c.d.) studies because they absorb below the short-wavelength limit of ~  190 
Host commercial instruments. Therefore, studies have been restricted to the 
^length tails of the first e.c.d. bands10, or elaborate procedures, such as the 
®te exciton chirality method11, have been employed. Several v.c.d. studies of 
grates have been reported that covered both the C-H stretching region6,12,13 and 
1-i.r14,15, and, although they demonstrated the potential value of vibrational 
Activity, they also exposed problems associated with the complexity of the 
vibrations, together with low sensitivity. Moreover, water is not a useful 
,f°ri.r. spectroscopy. Although water is an excellent solvent for Raman spectros-
V91/S03.50 ©  1991 -  Elsevier Science Publishers B.V.
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copy , p r io r  to the presen t studies, the auspices fo r R .o .a .  s tudies  o f  carbohydraUND i  
a q u e o u s  so lu tion  did no t  a p p e a r  to be favo u rab le  because  co nv en tion a l  R am an  
tro sco p y  has  no t  been used widely on a cco un t  o f  difficulties in the interpretatuG/wco 
spectra  because  o f  the deloca lisa tion  o f  m a n y  o f  the no rm a l  m o des  over the m an y  iFig. 
an d  C O  l in k ages16. Also, the super io ri ty  o f  c o n v en tion a l  F .t .- i .r  spectroscopy  us sol 
co n v en tio na l  R a m a n  spec troscopy  for fo llow ing s t ruc tu ra l  changes  in the structuns she 
ca rb o h y d ra te s  in so lu tions  in D 20  has been d e m o n s t r a t e d 17 (bu t the new technique witl 
F . t . - R a m a n  spec troscopy  gives excellent spectra  o f  crystall ine m o n o -  an d  poly-saeof a 1 
r id e s '8). H ow ever ,  the  de loca lisa tion  o f  n o rm a l  m od es  over  chiral a r ra n g e m e n t ,o n  
nuclei is a p rerequis i te  for large v ib ra t io na l  optical activity. In the event, because on this 
g rea te r  spectral range  accessible to  R .o .a .  c o m p ared  with v.c.d.,  the c h a ra c te r s  a/, 
optica l  activity  “ f inge rp r in ts” associa ted  with these delocalised  v ib ra tions  are  of Cl 
cernib le  im m edia te ly . Also, since the m echan ism s  o f  R .o .a .  an d  v.c.d are  quite d:;h the 
e n t 1,19, w eak v.c.d. intensities in c a rb o h y d ra te s  do  no t  necessarily m e an  th a t  the R:ose \ 
in tensities will a lso be w eak. Indeed, the presence o f  C O  C linkages has been four./f-D- 
be par t icu la r ly  favo u rab le  for large R .o .a .  effects20 22. ightf
e orij 
:ntpa
E X P E R I M E N T A L
T h e  R .o .a .  spec tra  were recorded  using the G lasgo w  m ulti -channe l in s trum e-^ ^  
T h e  orig inal intensified d iod e  a r ra y  d e tec to r  on  this in s tru m e n t  has now  been repl; ° G1 
by a coo led  (unintensified) ch a rge -cou p led  device as d e tec to r  (W righ t  In s trum en ts  I 
M o de l  A T I ) ,  which has significant a d v a n ta g e s9 th a t  include increased q u a n tu m  
ciency an d  low re ad -o u t  noise. T he  optical system em ployed  for the back-scatti 
R .o .a .  m easu rem e n ts  was s imilar to th a t  described  by H u g 8.
T h e  c a rb o h y d ra te  sam ples were studied  as n ea r - sa tu ra ted  aq u eo u s  s o lu t :os 
co n ta in ed  in q u a r tz  microfluorescence  cells th a t  were a llow ed to  equ il ib ra te  for sev 
days. T h e  R .o .a .  m ea su rem en ts  were m ad e  using a focused 600-m W  argon- ion  1, 
b eam  at 488.0 nm  an d  a spectral reso lu tion  o f  ~ 8  cm '. All the  R .o .a .  spectra v" ' 
acq u ired  fo r  2 h.
A l th o u g h  R .o .a .  spec tra  have been m easu red  previously  d o w n  to 80 cm 1 in 
90 -sca tte r ing  config u ra t ion ,  back-sca t te r ing  places severe d e m a n d s  on the capabilit  0 . 5  * 
the sp ec t ro m e te r  to reject s tray  light because  laser light reflected back  from the 
surfaces en te rs  the sp ec trom eter .  F o r  th is reason ,  reliable R .o .a .  m easu rem en ts  co^  [ 
no t  be m a d e  on  aq u e o u s  so lu tions  o f  c a rb o h y d ra te s  below  ~ 7 0 0  cm 1 using Wi 
existing in s trum en t.  S h a rp  c hanges  in som e o f  the R .o .a .  spectra  a t  the  jo in  between 
tw o segm ents  at 1060 cm 1 shou ld  be t rea ted  with c ircum spection .
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draU N D  DISCUSSION
lan
tatkGlucose and  d -xylose. — The back-scattered R.o.a. spectrum of D-glucose is 
anyiFig. 1. This molecule exists preponderantly in the 4C, pyranose conformation 
opy ms solution24 with an a:/? ratio of ~ 1:2. For comparison, the R.o.a. spectrum of 
icturis shown in Fig. 2, since this molecule has the same conformation in solution as 
iniqiewith a similar a:/? ratio24 but lacks the CH2OH group. One difference is the 
/-sacof a broad couplet centred at 1325 cm-1, negative at low and positive at high 
mency, only in the former spectrum. Bands in the conventional Raman spectrum of 
ise oin this region have been assigned25,26 to CH2, C-O-H, and C-H deformations, 
acteilei al.21 have described a complex calculated mode of a-D-glucose at 1335 cm- 1 
areiof CH2 twisting, several C-O-H bends, and a high degree of C-C-H bending, 
te d^ h there are small differences in the puckering of the pyranoid rings in a- and 
ie Rwse with associated differences in the conformation of the pendant side 
four^-D-glucose would be expected to have a similar mode of vibration, perhaps 
lightly in frequency. Therefore, it seems likely that this couplet in the solution of 
se originates in deformations of the CH2OH group together with deformations 
snt parts of the pyranoid structure, and is broadened a little due to contributions
ume’ 
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Fig. 2. The back-scattered Raman and R.o.a. spectra of o-xylose in aqueous solution. ie bac'
f rom  b o th  an om ers ,  a conc lus ion  th a t  is re in forced  by the ap p e a rance  o f  a sin 
cou p le t  in the  R .o .a .  spec tra  o f  m altose , m a l to t r io se ,  an d  a-cyclodextr in  (see belo
A second  b ro a d ,  bu t  w eaker ,  coup le t  a p p ea rs  in the  R .o .a .  spectrum  o f  D - g l u i  
cen tred  at ~  1235 cm ', an d  is negative  on  the low- a n d  positive on the high-frequt 
side. A s imilar  coup le t  a p p ea rs  in the sp ec tru m  o f  D-xylose cen tred  at ~  1260 cr 
A gain ,  b a n d s  in this region fo r  D-glucose have  been a ss ig ned 26 27 to  deform ations  of 
C H :O H  g ro u p  tog e th e r  w ith  c o n t r ib u t io n s  f rom  all the  C  O  H  defo rm at ion s  as we 
several C - C - H  de fo rm a t io n s ,  so th a t  the  shift to  h igher  frequency  o f  the D - x y  
co up le t  can  be a t t r ib u ted ,  a m o n g s t  o th e r  things, to  the  lack o f  part ic ipation  of. 
C H . O H  d e fo rm a t io n s  in the n o rm al  m odes .
T h e  v.c.d. spec tra  o f  D-glucose an d  D-xylose were reco rded  also in the regiot 
the  a b o v e  R .o .a .  spec tra  and ,  in c o n t r a s t  to  the R .o .a .  sp ec trum , the v.c.d. spectrun 
D-xylose w as richer th a n  th a t  o f  D -glucose15.
B oth  D-glucose an d  D-xylose sh ow  s imilar R .o .a .  ‘‘f ingerp rin ts” between 
an d  1170 cm ', with tha t  o f  D-xylose shifted by ^ 2 0  cm 1 to  lower frequency, 
positive R .o .a .  fea tu re  at — 1150 cm 1 for D-glucose can  be assigned to a mode descril 
by Cael ct a ir  as a com plex  co up ling  o f  ring  C  O  a n d  C  C  stre tch ing  together w 
C  O - H  a n d  C - C - H  bending. T h e  c u r iou s  sh a rp  d ro p  to  a small negative "step  mi, 
be due  to  c o n tr ib u t io n s  o f  o p p o s i te  sign from  the y. a n d / i  an o m e rs ,  for which this mod
D-Ly
O.S :
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predicted27 to  occur at 1155 and 1150 cm ' respectively. The positive feature at s l ^ ^  
lower frequency for D-xylose presum ably arises from a sim ilar m ode. A v.c.d. ft 
was observed also in this vibration and was correlated with the absolute stereocher 
and con form ation  o f  several sim ple pyranoses. including D-glucose and D-xylosi 
fact, all o f  the Ram an bands in the region covered by this particular R .o.a. finge 
for D -glucose have been assigned to m odes that contain  significant contributions 
the sam e internal vibrational co-ordinates as those listed above for the ~  1150 ' ^ 0.5
m ode25 27, and since these co-ordinates are m ainly from  the pyranoid ring strv’ 
rather than from  the C H 2O H  group, it is gratifying that the R .o.a. fingerprii 
D-glucose and D-xylose are so similar in this region. ^
d -A rabinose and  D -lyxose. —  T h e  back -sca t te red  R .o .a .  spectra  o f  D-arab 
an d  D-lyxose are  show n  in Figs. 3 an d  4. E ach  su g a r  exists main ly  in the pyr;, 
c o n fo rm a t io n  in a q u eo u s  so lu t io n 24. A l th o u g h  a de ta i led  analys is  is no t given hen o.s 
po in te d  o u t  th a t ,  w hereas  som e similarities c an  be d iscerned  (especially the 
positive R .o .a .  a t  ~  1000 cm 1 in each spec trum ),  overall  the  fingerprints are di 
f rom  each o th e r  an d  from  those  o f  D-xylose a n d  D-glucose, an d  clearly reflec 
different s tereochem istry .
C o m p a r i so n  o f  the R .o .a .  spec trum  o f  D-altrose (no t  show n), which has the 
p y ra n o id  s t ru c tu re  a t  C-2,3,4  as D -arabinose, w as co m plica ted  by the presence 
significant a m o u n t  o f  the fu ran ose  s t ru c tu re  in aq u eo u s  so lu t io n 24. However,  alth 
the R .o .a .  features  are  b ro a d e r  generally  th a n  those  o f  D-arabinose, there are se 
similar fea tures  a n d  it m ay  prove  possible to sep a ra te  the sup e r im p osed  spectra (Theb; 
p y ran o se  a n d  fu ran ose  forms. ——-
M a lto se  and cellobiose. —  C o m p a r i so n  o f  the back -sca t te red  R .o .a .  specf 
m a l to se  a n d  cellobiose (Figs. 5 an d  6, respectively) reveals m a rk e d  differences.
T h e  spec trum  o f  m al tose  is similar  to  th a t  o f  D-glucose. T h e  couplet c e n t r  
~  1325 cm  1 for D-glucose and  associa ted  w ith  d e fo rm a t io n s  o f  the C H 2O H  gro; 
a lso  given by m altose ,  except th a t  it is sp read  over  a larger  region a nd  is more in 
w ith  the  a p p ea ra n ce  o f  dis tinct s tructure .  This  difference cou ld  reflect less confo., 
t iona l possibilities for the tw o C H 2O H  g ro u p s  in m a l to se  w ith  similar bu t not ider ,  0 
ch iral env iron m en ts .  T he  sm aller couple t  cen tred  a t  1235 cm ' fo r D-glucose is g 
also by m altose ,  a n d  the fingerprin t  for D-glucose be tw een  ~ 9 6 0  and  1170 cm 
rep ro d u ced  closely w ith  m altose. O n  the o th e r  h an d ,  m o s t  o f  the equivalent f e a t u f ^ -
cellobiose are  generally  w eaker  an d  less s t ruc tu red ,  w hich  cou ld  be associated w
different h y d ro g e n -b o n d in g  n e tw o rk  and ,  perh aps ,  g rea te r  c o n fo rm at io na l  f lex i l1 ^  
a ro u n d  the glycosidic l inkage (see below).
The m ost im portant feature in this pair o f  R .o .a . spectra is the couplet for ma 
centred at 910 cm positive on the low - and negative on the high-frequency s id e ^ T  
significant feature appears in the spectrum o f  D-glucose in this region, so that 
couplet for m altose m ay be associated w ith the glycosidic linkage. Raman band: 
x-D -glucose at 845 and 914 cm 1 have been assigned2627 to m odes that invol 
significant contribution  from C - T - H  deform ations. The C - O - C  stretch that invc 
the x-(l ->4) linkage in m altose appears28-29 in the region 9 20-960  cirT ‘, and this cot
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Fig. 8. The back-scattered Raman and R.o.a. spectra of a-cyclodextrin in aqueous solution.
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luted to interactions of the C-l'-H  deformations and the glycosidic C-O-C 
perhaps with some involvement of the C-4-H deformations. The R.o.a. spec- 
fcellobiose contains no significant features in the region in which this couplet 
for maltose, even though there are conventional Raman bands in the same place, 
jssible explanation is that the C-l'-H and C-4-H bonds are more nearly co­
in cellobiose than in maltose, which is supported by the X-ray crystal data for 
and maltose31. Also, molecular dynamics calculations indicated there to be 
freedom of motion of the eq,eq  linkage of cellobiose compared with the ax ,eq  
of maltose32, so that cellobiose can adopt more conformations in solution, 
rould tend to remove the R.o.a.
111 Maltotriose andct-cyclodextrin  ( ctCD, cyclom altohexaose). — The back-scattered 
spectra of maltotriose and aCD are shown in Figs. 7 and 8, respectively, 
riose shows basically the same features as maltose, but most are broadened, 
^  isconsistent with the increased conformational possibilities. The couplet centred 
cm-1 has grown relative to the other features, which reinforces its assignment 
’lycosidic linkage and indicates that the conformation around the two glycosidic 
sin this molecule are similar to each other and to that in maltose.
Hie glycosidic feature for aCD is enormous with a zf-value [(IR — IL)/(IR + IL)] of 
parts in 102, which is an order of magnitude larger than the largest dimensionless 
.,.. iintensities usually encountered (it is not possible to provide a better estimate 
Cm'\ the associated Raman bands are weak and overlap). A new, weak, positive 
;has appeared also on the high-frequency side, which is connected with the fact 
associated Raman bands now constitute a triplet rather than the doublet for 
eand maltotriose. It has been suggested that this multiplicity indicates that not 
he glycosidic linkages in aCD are equivalent29. Most of the other features shown 
Itose and maltotriose are discernible.
Maltose, maltotriose, and aCD each has a small but significant negative feature at 
ror1 that, presumably, involves the second mode mentioned above, which 
\ as a significant contribution from C-l'-H deformations. 
\\b -A n hydro-[l-Y )-g lucopyranose. — The back-scattered R.o.a. spectrum of 1,6- 
to-/?-D-glucopyranose is shown in Fig. 9. Generally, the R.o.a. bands are more 
•‘and sharper than for the other carbohydrates, and reflect the more rigid 
The large bands in the region 820-950 cm"1 probably originate in modes 
to those involved in the glycosidic linkage; the fingerprint in the region 980-1160 
s reminiscent of those for D-glucose and D-xylose, and the two large positive 
sat ~ 1190 and 1225 cm " 1 together with the broad negative feature at 1250-1450 
tight involve deformations of the CH2 bridge.
the R.o.a. results re-affirm the considerable delocalisation of the vibration- 
fes of pyranosides, which renders experimental assignment of the majority of 
wies problematic, even in the most recent work33, but gives readily discernible 
’tints characteristic of structural units, which obviates the need to assign the 
, jted Raman bands in detail. The presence of detailed structure in some spectra 
rm'1 Contrasting broadening in others has implications for studies of conformational
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equil ib r ia  a n d  h yd rog en  b ond ing .  T he  po ten t ia l ly  m o s t  va lu ab le  result is the identifiiu j 
t ion  o f  c lear R .o .a .  fea tures  assoc ia ted  w ith  the  glycosidic l inkage, which app ea r  t c - C h u  
sensitive to the c o n fo rm a t io n .
T h e  use o f  n e a r - sa tu ra ted  so lu tions  w ith  a r a th e r  long  acqu is it ion  time (2 h) Koro 
te m p o ra ry  lim ita t ions w hich will be rem oved  soon  by cu r ren t  deve lopm ents  in 
s t ru m en ta t io n .
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Vibrational Raman Optical Activity 
of Cyclodextrins
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David D. MacNlcol and Colin Butters
Chemistry Department, The University, Glasgow, G12 8QQ, U.K.
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Abstract: Vibrational Raman optical activity spectra of aqueous solutions of a - , 0- 
and y-D-cyclodextrin in the range 700-1500 cm 1 are reported. As well as showing 
features characteristic of D-glucose, the ROA spectra all show remarkably intense 
features between 89 0  and 96 0  cm 1 originating in coupled C(1)-H deformations and 
glycosidic C -0  stretches delocalized around the cyclodextrin ring and which reflect 
the  stereochemistry of the glycosidic links.
ibrational optical activity m easurem ents on chiral m olecu les can provide much new  
iemical inform ation because a vibrational spectrum  contains bands associated  with  
part of the m olecu le .1 Vibrational optical activity in typical chiral m olecu les in the 
fed phase w as fir s t observed using the Raman optical activity (ROA) technique, which 
w a sm all d ifference in the R am an-scattered in tensity  in right and le f t  circularly 
td incident lig h t.2,3 U ntil recently , lack o f  sensitiv ity  has restr icted  ROA studies to  
We sam ples such as neat liquids;4,S bu t a major breakthrough in ROA instrum entation  
w the use o f  a backscattering geom etry6,7 to geth er  w ith a co o led  CCD d etecto r8 has 
fldered a m uch wider range o f  sam ples a ccessib le  to  such stu d ies. This com m unication  
!R0A spectra  o f  cyclodextrins in aqueous so lu tion  which indicate that th is technique 
at potential for  stereochem ical stu d ies o f  th ese  and other polysaccharides, 
tost carbohydrates are not w ell su ited  to  conventional e lectron ic  circular dichroism  
Measurements, which are restr icted  to  the long-w avelen gth  ta ils  o f  the first ECD)
nonetheless, som e usefu l inform ation about conform ations o f  cyclodextrins has been 
in this w ay.10 Vibrational optical activity spectra  o f  sim ple carbohydrates obtained  
HOA's sib ling technique o f  vibrational circular dichroism  (VCD) have been reported,11 but 
® spectra o f  cyclodextrins have so  far been published.
ROA spectra  w ere recorded using the G lasgow  m ultichannel instrum ent12 m odified  
^scattering6,7 and CCD d etectio n .8 The cyclodextrin  sam ples were purchased from  
1 and Fluka and studied  as near-saturated so lu t io n s , in w ater for a -  and 
iclodextrin, and in IN  NaOH for p-D -cyclodextrin  in order to  b o o s t  the solub ility . The 
•^surements w ere made using a focused  500 mW argon-ion laser  beam with a spectral 
Wn (FWHH) o f  ~ 8 cm -1. A ll the ROA spectra were acquired for  2 hours, 
k ROA sp ectra  o f  a - , f)- and y -D -cyclod extr in  are show n in Figs. 1-3 respectively. The 
totra o f D -g lu co se , D -m a lto se  and D -m altotriose , to  be published elsew here as part o f
0957-4166/90 $3.00*.00 
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a preliminary survey o f  ROA spectra o f  a range o f  carbohydrates,13 are o f  central importce t'ls 
in discussing the cyclodextrin results. Thus all three cyclodextrin ROA spectra shovCOSK
negative-positive couplet centred at ~ 1340 cm 1 that also appears in D -g lucose  (at slig a^V{
5,16 i
lower frequency) where it has been associated with deformations o f  the CH2OH group; and 
three show an ROA 'fingerprint' between ~ 980 and 1170 cm 1 similar to that in glucose an‘ 
associated with ring C-O and C-C stretching together with C -O -H  and C-C -H  bending w] 
is characteristic o f  the pattern o f  OH ring substituents.  The m ost  striking cyclodextrin I 
features are the enormous positive-negative couplets between ~ 890 and 960 cm"1: no sin: 
features appear in D-glucose,  but they appear with much less  intensity in D-maltose  
D-m altotriose  where they have been associated with modes involving contributions from 
anomeric C ( l ) -H  deformations and the glycosidic C-O -C  stretch.
The general appearance o f  the three cyclodextrin ROA spectra is i t se l f  quite reveal 
Thus the ROA features of (3-D-cyclodextrin (as predominantly monoanion in base14) si 
sharp structure, especially in the couplet centred at ~ 1340 cm- 1 : the same characteristics  
seen in the ROA spectrum of  D -m altose ,13 and may ref lect  a similar restriction 
conformational possibilit ies in 3-cyclodextrin and maltose. The ROA features
y-D-cyclodextr in  are generally broader and much less  structured than those
[B-D-cyclodextrin (anion), and are remarkably similar to those  o f  D -m alto tr iose ,13 indicat 
that y -cyclodextrin might have a similar increase in conformational possibilit ies to maltotri 
on account o f  the larger ring.
O
800 IOOO 1200 1400 C m
Figure 1. The backscattered  Raman (lR + lL ) and ROA ( lR -  lL ) spectra  of 
a-D-cyclodextrin in water.
The enormous glycosidic couplets seen in all three cyclodextrin ROA spectra between 
890 and 960 cm 1 have dimensionless ROA intensities A = ( IR -  IL) / ( I R + IL ) o f  several par fjgL 
in 10 , which is an order o f  magnitude larger than the largest A-values usually encountere 
The fact that the A-values o f  the similar glycosidic ROA feature in m altose  and maltotrio;ljZecj 
have more typical magnitudes, with those of maltotriose  roughly double those  of maltose, 0f
Vibrational Raman optical activity
port^e that th ese  large cyclodextrin  ROA coup lets originate in coupled vibrational m odes o f  
shoVc0S‘^‘c hnks deloca lized  around the cyclodextrin ring. In fact Raman bands in this 
slig  have been assign ed  previously to  sk eleta l ring m odes involving the glycosid ic  
; and*5’16 hut only the bands at 949 cm 1 in a-cyclodextrin  and 945 cm -1 in (3-cyclodextrin  
:ose 1 analogy that at 945 cm 1 in y cy c lo d ex tr in ) were exp licitly  associated  w ith a 
ig w] 
rin F 
> sire 
ose  
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eveal 
1) si 
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;totri
Figure 2. The backscattered Raman and ROA spectra of p-D-cyclodextrin in 1N NaOH.
p-D-Cyclodextrln
O
8 0 0  IOOO 1 2 0 0  1 4 0 0  C m H
y-D-cyclodextrin
O
8 0 0  IOOO 1 2 0 0  1 4 0 0  Cm-*
veen
1 paf Figure 3. The backscattered Raman and ROA spectra of T—D~cyci°clex^r'in 'n wat-er- 
nter#
otri^taed ring m ode;1  ^ y e t  c lo se  inspection o f  our ROA spectra reveals that the negative 
o se , iof the g lycosid ic  ROA co u p le ts  are not in fact associated  w ith these particular bands
erim
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but are at slightly lower frequency. We therefore conclude that, in all three cyclodextrii
there are at least  tw o overlapping bands on the low-frequency side of the previously-assign
delocalized ring mode that are also delocalized around the cyclodextrin ring.
We have also measured ROA spectra of aqueous solutions o f  a-D-cyclodextr in  containi
the guest  m olecules sodium benzoate and the two enantiomers o f  phenylalanine. While th
are generally very similar to the spectra shown here, there are som e small but significa
local differences which may reflect a transformation from a 'tense' to a more symmetric
'relaxed' conformation corresponding to the model o f  Saenger et a l .17 1C*
stwee:
Instrumental improvements are now in hand which should provide an order of magnitu^ 
increase in speed of the measurements. This will enable quantitative differences in RGoa u 
features to be measured when different guests  are incorporated, thereby providing he exp 
completely new source of information on the details  of  conformational changes associate 
with the accommodation o f  different guests  in cyclodextrins in aqueous solution.
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erimental and ab initio theoretical vibrational Raman optical activity 
of alanine
L. D. B a r r o n , f  A. R. G a r g a r o  and L. H e c h t
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Kt—The vibrational R am an optical activity (R O A ) spectra o f  L-alanine in w ater, 1 N N aO H  and 1 N  
, n itu ietWeen 720 and 1500 cm  ' m easured  in backscattering are reported . U nlik e the associated  vibrational 
irdichroism (V C D ), th e m ain R O A  featu res are relatively insensitive to  p H  changes. A b  in itio  Ram an  
1 R(tOA inten sities w ere  eva lu a ted  using 6 -3 1G and 6 -3 1G* basis sets  and found to agree rem arkably w ell 
ling lie experim ental param eters in th e low er-freq uency region .
)ciat(
I n t r o d u c t i o n
:s, t l
DraifiiE its early observation [1,2], vibrational Raman optical activity (ROA) has so far 
le little impact on stereochemical studies of biologically significant molecules such as 
no acids in aqueous solution on account of insufficient sensitivity. The substantial 
f of ROA work carried out to date has tended to concentrate on fundamental studies 
Pres«r than the solving of particular stereochemical problems [3,4]. ROA’s younger 
mg, vibrational circular dichroism (VCD), has so far set the pace in this area [5-9], 
fever, a recent major advance in ROA instrumentation based on the use of a 
(scattering geometry [10,11] (in place of the usual 90° scattering arrangement) 
J tyher with a cooled CCD detector [12] has provided a “quantum leap” in sensitivity 
ch has rendered biologically significant molecules in aqueous solution accessible to 
sP‘roA studies, with good results on peptides and proteins [13] and carbohydrates [14,15] 
orted at the time of writing. This advance in ROA instrumentation has been 
ompanied by a recent theoretical advance whereby ROA intensities can be computed 
-ydencessfully using modern a b  initio methods [16-19]. This paper reports experimental 
(theoretical results on alanine which demonstrate that ROA and VCD measurements 
51 vide very different perspectives on molecular stereochemistry.
tlanine is an ideal subject for initial ROA studies of biologically significant molecules 
iqueous solution since it is the simplest chiral amino acid and has been the subject of 
ns■ %sive vibrational studies, including VCD, over many years. The most important 
tier articles for the present work are one by D i e m  e t al. [20] on vibrational analysis and 
•gnments of alanine based primarily on solution-phase Raman spectra with results of 
tod Raman solid-phase spectra and a Urey-Bradley normal coordinate analysis taken 
9 oconsideration; one on intermolecular vibrational coupling in crystals of DL-alanine 
K e t t l e  e t al. [21]; and two on mid-IR VCD studies of alanine in H20  and D20  
ntion by D i e m  [22] and by F r e e d m a n  et al. [23]. It should also be mentioned that 
76, S,)k  (acquired in depolarized 90° scattering) for several Raman bands of alanine in 
ter are presented in a doctoral thesis by H o h m a n n  [24], but the instrumental 
•sitivity was marginal.
fte methine C*—H deformations are of particular interest in this study since they have 
to found to dominate the mid-IR VCD spectrum and are implicated in the large VCD
C hem istry  D ep a rtm en t, U niversity  o f  G lasgow , G lasgow  G 12 8 Q O , U .K .
and
P .  L .  P o l a v a r a p u
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T he ca lcu la tion s w ere perform ed  on  the l(S )  configuration  o f  alan ine in the zwitter 
nic form  (C H 3)C H (N H 3+) ( C 0 2 ) it adopts at neutral pH  and also on  the hypotheti 
neutral form  (C H 3)C H (N H 2) C 0 2H . O nly the results on the zw itterion ic  form « 
p resen ted  and d iscussed  in d eta il, w ith  referen ce b eing m ade to  the results on the neut 
form  in cases w h ere they  assist th e  in terpretation  o f  ch anges in ob served  R O A  featu: 
o f a lan ine on go in g  from  neutral so lu tion  to  acid and base so lu tion  w here C 0 2H and N  
grou p s, resp ective ly , are present.
T he crystal structure o f  zw itterion ic  L-alanine w as d eterm in ed  severa l years ago usi 
neu tron  d iffraction  data [35]. T his exp erim en ta l geom etry  w as used  as the starting po 
to op tim ize  the th eoretica l geom etry  using the 6-31G  and 6 -31G * basis sets. The 
op tim ized  coord in a tes are sum m arized  in T able 1 and the a tom ic num bering show n  
Fig. 2. T he th eoretica l v ibrational freq u en cies and in ten sities ob ta in ed  at th ese  optim iz  
g eo m etr ies  and the m od e descrip tion s, using the internal coord in a tes defined  in Table 
are g iven  in T ab le  3. (T he infrared in ten sities that are listed  in T ab le 3 for com pletene 
w ere o b ta in ed  by eva lu atin g  e lectric  d ip o le  co m p o n en t d erivatives in a sim ilar fashion thouj 
the polarizab ility  tensor co m p o n en t d er iv a tiv es.) T ab le  4 lists th e  theoretica l ROO% \ 
ten sor  product invariants, w ith the resu lting theoretica l b ack scattered  dimensionkclose 
R O A  in ten sities listed  in T able 5 togeth er  w ith the exp erim en ta l va lu es. T he theoreticcted 
b ack scattered  R am an and R O A  spectra for com parison  w ith the exp erim en ta l spectra lcula 
th e  range 750 to  1500 c m ' 1 are show n in F igs 3 and 4. rved
an ai 
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D i s c u s s i o n  M sjl
;e r e t
V ib ra tio n a l a n a lys is   ^ ^
W e a re  n o t a w a re  o f  an y  p re v io u s  ab  in itio  v ib ra tio n a l an a ly s is  fo r  a la n in e . H ow ever* tf 
se v e ra l p a p e rs  o n  th e  v ib ra tio n a l an a ly s is  o f  z w itte r io n ic  a la n in e  em p lo y in g  forcthe 
c o n s ta n ts  th a t  w e re  e i th e r  a ssu m e d  o r  t r a n s fe r re d  fro m  re la te d  m o lecu le s  have  b e e l) , 1 
r e p o r te d :  th e  m o s t re c e n t is th a t  by D iem  et al. [20], w ho  u tiliz ed  th e  experiment;1220 
v ib ra tio n a l f re q u e n c y  d a ta  o n  se v e ra l iso to p ic  sp ec ie s  in  a rr iv in g  a t p la u s ib le  vibrationDth th 
a s s ig n m e n ts  w h ich  w e h av e  fo u n d  v e ry  u se fu l fo r  c o m p a r iso n  w ith  o u r  ab  /mfiatter 
a s s ig n m e n ts . A lso  th e  p a p e r  by  K e t t l e  et al. [21] p ro v id e s  u se fu l a ss ig n m en ts  deriveisity 
p u re ly  fro m  e x p e r im e n ta l  d a ta  o n  sev e ra l c ry s ta llin e  iso to p ic  sp ec ies  o f  D L-alanine: eveively 
th o u g h  R e f. [21] r e p o r te d  th a t  no  e v id e n c e  w as fo u n d  fo r  in te rm o le c u la r  vibratiom datic 
c o u p lin g  in u n d e u te r a te d  c ry s ta llin e  D L -alan ine, th is  d a ta  m u s t n e v e r th e le s s  be  used  witremc 
c a u tio n  h e re  s ince  w e a re  d iscu ssin g  so lu tio n  sp e c tra . leir c
mse t
Table 1. Optimized Cartesian coordinates (A) for zwitterionic (S)-alanine in the principal ipect
axes of inertiat 'datic
R 0/ 
paris 
-ring 
orrel; 
:ral p 
Ail tc 
iuse i 
tie e> 
-H be 
ling 
terati 
also 
relati 
i r i r r u  
mgo
+ Energy (in atomic units) at the 6-31G* geometry is -321.825X89682 and at the 6-31G he ei
geometry is —321.681677901. to
6-31G basis set 
Y Z
6-31G* basis set 
X  Y Z
1 O -0.3182 -  1.2178 1.0491 -0.3057 -  1.1755 1.0858
■> O 0.1547 0.9571 1.5691 0.1485 0.9800 1.5270
3 N 0.1095 -  1.1197 -  1.3386 0.0989 -  1.1433 -  1.3048
4 C 0.0465 -0 .0176 0.8278 0.0412 -  0.0043 0.8384
5 C 0.4153 0.2181 -0.6735 0.4103 0.1959 -0.6758
6 c -0 .3618 1.3626 -  1.3011 -0.3483 1.3307 -  1.3387
7 H 1.4799 0.3828 -0 .7490 1.4777 0.3458 -0.7585
8 H -0.1793 -  1.6606 -0.4605 -0 .1648 -  1.6592 -0.4104
9 H -0.6521 -  1.0690 -  1.9897 -0 .6826 -  1.1162 -  1.9369
10 H 0.9018 -  1.5421 -  1.7840 0.8764 -  1.5767 -  1.7701
11 H -  1.4292 1.1731 -  1.2702 -  1.4202 1.1587 -  1.2983
12 H -0.1743 2.2521 -0.7183 -0 .1419 2.2360 -0.7864
13 H -0.0634 1.5466 -2.3271 -  0.0534 1.4738 -2.3743
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able
ten<
lionthough, as mentioned above, the ab  initio theoretical vibrational frequencies are 
R0% higher than the corresponding experimental frequencies, they can be brought 
onhcloser correspondance with the experimental frequencies without affecting the 
reticted intensities by using a constant scale factor. We therefore base our correlations 
ctralculated modes with experimental bands on the comparison of the calculated and 
rved relative intensity patterns. Since the calculations of frequencies and associated 
an and ROA intensities using the 6-31G* basis set are generally in slightly better 
ement with the experimental quantities than those calculated with the 6-31G basis 
[or simplicity we refer mostly to the former in the discussion below, which is limited 
le region for which we have ROA data, namely —700-1500 cm-1. Our suggested 
dations between the experimental band frequencies and the frequencies of the 
e^veG* theoretical modes are listed in Table 5.
forithe —750-1250 cm-1 region of the experimental Raman spectrum at neutral pH 
beel), the band at —850 cm-1 is intense and those at 775, 992, 995, 1001, 1110, 1145 
ientl220cm-1 are relatively weak, with similar intensities. This is also the pattern found 
tionith the 6-31G and 6-31G* theoretical Raman spectra (Figs 3 and 4): concentrating on 
m/hatter spectrum, we see that the predicted 881 cm-1 mode exhibits much the largest 
rivasity with those predicted at 838, 942, 1060, 1080, 1164, 1205 and 1314 cm"1 
evdvely weak and of roughly similar intensity. We therefore have confidence in the 
ion*lation of the experimental band at —850 cm"1 with the 6-31G* mode at 881 cm"1.
I witremaining experimental bands can be correlated with the remaining 6-31G* modes 
heir corresponding order of frequency, but some uncertainty can be present here 
iiise the theoretical ordering of modes need not always match that of the experimen- 
spectra, and the relative intensities are too similar to use as a criterion for 
tlations. However, the ROA spectrum plays an important role at this point because 
ROA signs provide an extra criterion for these correlations: we shall see that a 
parison of the experimental and predicted ROA signs suggests that our predicted 
cring of this set of modes is indeed correct.
^relation of the experimental Raman bands in the —1250-1500 cm"1 region at 
ttral pH with the ab  initio  results is not as satisfactory as in the lower region, and it is 
to invoke the assignments of D i e m  et al. [20] and K e t t l e  et al. [21] in this region 
3use they both make use of valuable isotopic data.
he experimental bands at 1301 and 1351 cm"1 were assigned by D i e m  et al. [20] to 
H bending modes. However, there must also be significant contributions from NH3+ 
'ling motions because these bands shift to 1291 and 1337 cm"1, respectively, upon 
Crating the NH3+ group. A similar shift to lower frequency upon NH3+ deuteration 
also been observed for the corresponding bands in the DL-alanine crystals [21]. 
elation of the 6-31G* theoretical modes at 1395 and 1447 cm"1 with these two 
^mental bands therefore seems reasonable because they both have significant 
®ng of C *-H  and NH3+ bending motions.
he experimental Raman bands at 1375 and 1459 cm"1 were assigned by D i e m  et al.
I to methyl deformations, again using isotopic data: this is supported by the
1006 L. D. B a r r o n  et al.
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a ss ig n m e n ts  o f  K e t t l e  et al. [21] fo r  c o rre sp o n d in g  b a n d s  in c ry s ta llin e  D L-alanine. 1 
1375 c m -1 b a n d  is d u e  to  th e  sy m m etric  m e th y l b e n d in g  m o d e  an d  c o rre la te s  w ith 
6 -31G * m o d e  a t 1568 c m -1 . T h e  1459 c m -1 b a n d  is d u e  to  th e  n e a rly  d e g e n e ra te  pa iiTabk 
a n tisy m m e tr ic  m e th y l b e n d in g  m o d e s  an d  c o rre la te s  w ith  th e  6 -31G * m o d e s  at 1639 < 
1641 c m -1 .
D i e m  et al. [20] a ss ig n ed  th e  e x p e r im e n ta l R a m a n  b a n d  a t 1410 c m -1 to  th e  symmeiExpei 
C 0 2- s tre tc h , as d id  K e t t l e  et al. [21] fo r  th e  c o rre sp o n d in g  b a n d  in cry s ta ll—  
D L -alan ine . A lth o u g h  th e  6 -31G * th e o re tic a l m o d e s  a t 1523 a n d  1501 c m -1 have so je"cy 
c o n tr ib u t io n  fro m  th e  C 0 2- g ro u p , in n e ith e r  o f  th e m  d o e s  th e  C 0 2- sy m m etric  s tre |  ^
d o m in a te . T h e  c o m b in e d  R a m a n  in te n s ity  o f th e se  tw o  th e o re tic a l  m o d es  w o ^  
c o r r e la te  w ith  th e  la rg e  in te n s ity  o b se rv e d  in th e  e x p e r im e n ta l 1410 c m -1 b a n d , b u t i 
n o t la rg e  e n o u g h  to  su rp a ss  th e  in te n s ity  o f  th e  a n tisy m m e tric  m e th y l b e n d in g  m o d ^  
w h ich  con flic ts  w ith  th e  s ign ifican tly  la rg e r  in te n s ity  o f  th e  e x p e r im e n ta l  R a m a n  band 
1410 c m -1 re la tiv e  to  th a t  a t 1459 c m -1 . It sh o u ld  a lso  b e  n o te d  th a t ,  w hile I22 
e x p e r im e n ta l  b a n d s  d u e  to  th e  m e th y l sy m m e tric  a n d  a n tisy m m e tric  d e fo rm a tio n s  
s e p a ra te d  by  th e  1410 c m -1 b a n d , th e  6-31G * th e o re tic a l m e th y l b e n d in g  m odes ; 
a d ja c e n t.  H e n c e  th e  p re d ic te d  o rd e r in g  o f  th e se  m o d e s  is n o t c o rre c t a n d  th ey  m ust 01 
re - a r ra n g e d  to  a ch ie v e  a  s a tis fa c to ry  c o r re la t io n  w ith  th e  e x p e r im e n ta l  R a m a n
Table 4. Ab initio Raman optical activity parameters for z.witterionic (S)-alaninei 
_____________________________________________   45
6-31G basis set 6-31G* basis set
Frequency 
(cm ')
o ( i  '
----- x 10-
cu (O 0)
Frequency 
(cm ')
« G '
----- x 10-
01 a) s 
| 7
:
3809 - 0 .3 9 -0 .1 0 -0 .1 3 3809 -0 .3 5 - 0 .0 8 -0 .14
3723 - 0 .2 6 0.03 0.11 3727 -0 .4 2 0.04 0.10
3320 -0 .3 7 -0 .2 4 -0 .2 2 3334 -0 .6 3 -0 .2 3 -0 .19
3289 0.32 0.53 0.50 3295 0.26 0.46 0.44
3237 -0 .2 3 -0 .4 0 -0 .0 8 3258 -0 .1 9 - 0 .3 0 -0 .05
3194 -0 .6 8 0.02 - 0 .1 0 3204 -0 .11 0.03 -0.11
2707 0.34 -0 .0 4 0.02 2813 0.76 - 0 .0 4 0.01
1894 0.08 0.03 0.01 1996 0.04 0.01 -0 .00
1843 0.14 0.09 0.02 1822 0.13 0.13 0.02
1821 - 0 .0 9 - 0 .1 0 — 0.05 1790 -0 .1 2 -0 .11 -  0.05
1634 -0 .0 8 0.05 -0 .01 1641 -0 .0 9 0.14 0.05
1649 0.02 -0 .11 0.08 1639 0.01 - 0 .1 4 0.04
1386 -0 .01 0.04 -0 .0 2 1568 0.02 -0 .01 -  0.07
1332 0.04 -0 .1 5 -0 .01 1523 -0 .0 7 0.02 0.07
1304 -0 .2 6 0.13 -  0.04 1501 0.06 -0 .1 3 -0 .15
1446 0.01 -0 .0 3 -0 .0 5 1447 0.09 -0 .1 5 -0 .06
1387 -0 .11 0.09 0.07 1395 -0 .3 4 0.26 0.11
1339 -0 .01 - 0 .1 6 -0 .1 0 1314 0.03 -0 .1 3 -0 .07
1233 0.02 0.17 0.03 1205 0.04 0.02 -0.01
1183 0.06 0.02 0.03 1164 0.02 0.16 0.06
1108 0.0 -0 .11 -0 .0 5 1080 0.03 -0 .11 -0 .04
1083 0.01 0.01 - 0 . 0 1060 0.0 - 0 . 0 -  0.00
916 -0 .0 8 0.08 0.03 942 -0 .0 8 0.07 0.02
860 0.02 - 0 .0 6 -0 .0 5 881 0.09 - 0 .0 6 -  0.03
809 0.07 -0 .0 2 -0 .01 838 0.03 0.0 -0 .02
673 0.11 - 0 .0 7 0.02 681 0.07 - 0 .0 4 0.01
366 - 0 . 0 0.02 0.02 562 -0 .0 2 0.01 0.01
419 0.03 0.00 - 0 .0 0 413 0.02 - 0 .0 0 -O.(M)
373 -0 .0 3 -0 .0 5 -0 .01 352 -0 .0 3 - 0 .0 7 -0.01
336 - 0 . 0 0.02 0.01 303 0.02 0.02 0.01
276 0.01 0.03 0.01 275 0.01 0.03 0.00
237 - 0 .0 0.01 255 - 0 . 0 0.01 0.01
63 - 0 .0 0.01 54 0.0 0.01 0.00
+ ROA parameters are given in A7amu un
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th
.o;.Table 5. C om parison  o f  th e experim etnal and ab  in itio  th eoretical R O A  param eters for L-alanine 
'd ll
< 9 f
neExperimental
A b  initio  
6-31G * 6-31G
a n —
SQiency
t r / >
F requency
(c m -1)
F requency  
4 (c m -1)
i-iaaigiuuciiia
A (180 ) x  104 A ( 1 8 0 ) x 10 A (180) x  1041 631G * R ef. [20]
v o t!5 - 1 1 . 7 838 - 0 . 7 809 - 2 . 2 C O O  w ag + C O O  w ag
it i 
o c P - 2 . 4 881 - 2 . 6 860 - 2 . 5
sym  C O O  bend  
C * - N  + Sym  C C N  stretch
m d
+  17.7 942 +  6 .5 915 +  7 .4
sym  C O O  bend  
C * - C ( 0 )  +  sym C H 3 rock
2  1
ls 1060 - 0 . 4 1083 +  0 .3
C O O  bend +  C * - N  
N H 3 rock +  C H 3 C H 3 rock
s  ; 
is t  K>1
- 7 . 0
1080 - 9 . 8 1108 - 1 5 . 0
rock
N H 3 rock +  C H 3 C -C (O )  stretch
ids
no +  4.1 1164 +  14.3 1185 +  1.6
rock +  C * -C (H 3) 
N H 3 rock +  C H 3 A sym  C C N
-  145 +  14.8 1205 +  2 .7 1234 +  18.3
rock +  C * - N  
+  C * -C (H 3) 
C *H  bend  +  C H 3
stretch  
N H 3 rock
-  220 - 3 . 4 1314 - 1 8 . 0 1339 - 1 6 . 4
rock +  N H 3 rock  
N H 3 rock +  C H 3 N H 3 rock
301 +  4 .0 1395 +  11.2 1387 +  4 .0
rock +  C * -C (H 3) 
Sym  N H 3 bend + C *H  bend
[ 351 +  2 .6 1447 - 2 1 . 7 1446 - 9 . 4
C -O  +  C *H  
bend
C *H  bend +  N H 3 C *H  bend
)
' 375 - 0 . 6 1568 - 3 . 5 1586 2 .9
bend
Sym  C H 3 bend Sym  C H 3 bend
1 410 - 2 . 4 1523 2 .5 1552 - 7 . 8 Sym  N H 3 bend + Sym  C O O  stretch
1
459 - 0 . 7
1501
1639
- 1 2 . 5
- 2 . 7
1505
1649
5.9
- 1 . 6
C *H  bend  +  sym  
C O O  stretch  
C *H  bend  +  C O O  
torsion
A sym  C H 3 bend A sym  C H 3 bend
1459 +  3 .0 1641 +  4.1 1654 +  0 .9 A sym  C H 3 bend A sym  C H 3 bend
O
168014-60124.08 0 0 1020
'3 Ab in itio  b ack scattered  R am an / R +  / L and R O A  / R- / L spectra o f  zw itterionic L(S)-alanine obtained  
w ith  th e  6 -31G  basis set. T h e  inten sity  scales are arbitrary.
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o
810 1250 1470 1690
Fig. 4. A b  in itio  backscattered  R am an and R O A  spectra o f  zw itterionic L.(S)-alanine obtained
with the 6-31G * basis set.
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Starting at the low-frequency end of the experimental ROA spectra of L-alanine (Fi]sjgnj 
1), we observe a small negative ROA in the band at —775 cm-1 in the H20  solutiO| as 
assigned by D i e m  et al. [20] to the C 0 2- wag. The corresponding band of crystallir.v|ou; 
DL-alanine was identified as a C 0 2- bending mode rather than as the wag [21]. Thlt^£ 
6-31G* calculations support both these assignments since both modes contribute, anmm 
correctly predict the negative ROA. The same Raman and ROA features appear in th^ars 
NaOH solution, which is consistent with the C 0 2- group remaining unprotonated an]tjon 
maintaining approximately the same conformation as at neutral pH. However, in th|Q* 
HC1 solution a second band appears at —745 cm-1, both bands showing a small negativ.^^ 
ROA: this could be interpreted as arising from two dominant conformations of the intac^ r( 
C 0 2H group, from dimer formation, or from deformations of the carbonyl group whicj ^  
of course is not present at high and neutral pH. In fact our calculations on neutral alanin^ 
support the third interpretation because they predict a band with negative ROA in th  ^^ 
region arising from the out-of-plane 0 = 0  deformation plus the O -H  torsion. ^
The next band, appearing at — 850 cm-1 in the H20  solution and assigned both b ^ ^  
D i e m  et al. [20] and by K e t t l e  et al. [21] to the CCN symmetric stretch, shows a larg< 
negative ROA. The 6-31G* calculations support the CN stretch assignment, with t h ^ a. 
addition of a contribution from the symmetric C 0 2- bend, and predict the negativ^  ^
ROA. A similar negative ROA band is seen in the NaOH solution. In the HC1 solutioi^.^ 
the band shifts to slightly lower frequency with reduced intensity and a second j
appears at —820 cm-1, both bands having a small negative ROA. These changes at loy 
pH are presumably associated with the loss of the symmetric C 0 2- bend contributior, 
and the presence of new contributions from the C 0 2H group: the calculations on neutra, . , 
alanine support this presumption because they predict a band with a small negative R O A '^  
in this region associated with the out-of-plane C = 0  deformation plus the C -C (0 '^  
stretch. , ,
D i e m  et al. [20] assign the band at —922 cm-1 to a methyl rocking mode, and that al J  
— 1000 cm-1 to a methyl rock at 995 cm-1 plus the C -C (0 2) stretch at 1001cm- '. 
well-characterized ROA couplet, positive in the lower-frequency band and negative inestj0 
the higher, appears in all three solutions. It is tempting to think of this couplet as ar*s‘n&{erei 
from symmetric and antisymmetric combinations of the two orthogonal methyl r0C^ ;San 
coordinates; however, the 6-31G* assignments indicate that this idea is incorrect since it^ 
contains large C -C (0 2) stretch but little methyl rock contributions at 922 cm-1, anc*Ce js 
NH3+ rock plus methyl rock at -  1000 cm-1. The 6-31G* assignments are reinforced b y ^  
the assignment of the corresponding two bands in crystalline DL-ananine to C -C  stretch
a 
orm
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methyl rocking modes, respectively [21], and by the correct prediction of the 6-31G* 
ilations of the observed ROA signs. Also, alanine in NaOH solution lacks the NH3+ 
jpyet still shows ROA at -  1000 cm-1 similar to that in the H20  and HC1 solutions so 
an deduce that the ROA at this frequency is associated mostly with the methyl rock 
er than with the NH3+ rock.
11 the ROA features discussed so far are at frequencies below the reported mid-IR 
) studies of alanine [22, 23] so no ROA-VCD comparisons can be made. However 
lext feature, comprising two bands at ~  1110 and 1145 cm-1 in water, comes within 
range of these VCD studies: these bands were assigned by D i e m  et al. [20] to the 
symmetric CCN stretch and to NH3+ rocking, respectively; whereas K e t t l e  et al. 
assigned the corresponding bands in crystalline DL-alanine to the antisymmetric 
U stretch and to methyl rocking. The broad 1145 cm-1 band shows a broad positive 
\with a dip where it overlaps the 1110 cm-1 band, indicating that the latter has a 
1 negative ROA. The same Raman and ROA features are repeated in the HC1 and 
)H solutions, but in the latter a new band with a small negative ROA appears at 
175 cm-1 that must originate in the NH2 group. The fact that essentially the same 
nan and ROA intensity is seen in these two bands in all three solutions indicates that 
contribution from one of the NH3+ rock coordinates to the 1145 cm-1 band is less 
i suggested in Ref. [20] and reinforces the methyl rock assignment in Ref. [21]. The 
IG* calculation predicts the correct ROA sign for the band at 1145 cm-1 but not for 
tat 1110cm-1 (assuming that the latter is indeed negative), and suggests that there 
^significant contributions from methyl rocking and the methine C *-H  deformations as 
as from NH3+ rocking at 1145 cm-1, which accords with the statement in the 
Jlvious sentence. The next band at —1220 cm-1 should be discussed in conjunction 
Hthe previous two since it has also been assigned to NH3+ rocking: however, this 
a*\nment is not fully consistent with our observations because the Raman band still 
e^ars in the NaOH solution (where the NH3+ group is not present) and all three 
ajJtions show a negative ROA (very small in HzO and NaOH). On the other hand the 
.tG* calculation supports this assignment since it contains a significant NH3+ rock 
t,vitribution in this band and predicts a negative ROA. The VCD spectrum of L-alanine 
ta<iiis region shows negative, negative and positive features, respectively, in IR bands at 
\ 1 C I 7 , 1139 and 1221 cm-1. The second and third vibration generate opposite signs in both 
uP)k and VCD: D i e m  [22] has suggested that coupling between orthogonal NH3+ rock 
irdinates is a plausible mechanism for the generation of this VCD couplet, and a 
l^ilar mechanism could be responsible for the corresponding ROA couplet (but bear in 
fld the reservations expressed above concerning the contributions of NH3+ rocking to 
*^1145 and 1220 cm-1 Raman bands). The new very weak band with a small positive 
r l k  at ~  1260 cm-1 in the HC1 solution is probably associated with O -H  deformations 
. W the C 0 2H group (the neutra l alanine calculations do predict O -H  deformation 
attributions in this region).
lov^ he a^st 8rouP °f five bands is the most interesting. As mentioned above, the first two 
. ndsat 1301 and 1351 cm-1 have been assigned by D i e m  e ta l .  [20] to the methine C*-H  
formations. These two bands show very large VCD with opposite signs in water 
-^,23] which completely disappears at high and low pH [23]. It has been suggested that 
qJS VCD feature and its dramatic dependence on pH are associated with a ring current 
Tchanism involving electron flow, induced by the C *-H  deformation, in the ring closed 
^hydrogen bonding between the carboxylate and amino groups [23]; but D i e m  [22] has 
Jessed reservations about whether a ring current mechanism can be invoked in this 
Ifation, and the whole concept of the ring current mechanism has recently been 
ln tstioned on the basis of a b  initio  VCD computation results [36]. The ROA is quite 
>ck rent from the VCD in these two bands, showing a positive feature of approximately 
s same magnitude in each that is independent of pH since it is virtually the same in all 
jtee solutions (which rules out a significant contribution from NH3+). Another differ- 
kyte is that the positive ROA in the second C *-H  deformation band at —1351 cm 
d i^s part of a couplet with a band at —1375 cm-1 assigned by D i e m  et al. [20] to the 
^metric methyl deformation exhibiting a negative ROA: the VCD in this symmetric
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methyl deformation band is very small and has the same sign as the VCD in the seco:tor 1 
C *-H  deformation band [22, 23]. As well as emphasizing that ROA and VCD mechaW' 
nisms are quite different, these ROA observations are perplexing because one possit0^  
interpretation of the ROA couplet is that there is significant interaction between t res ' 
C *-H  deformations and the symmetric methyl deformations; yet it has been p rev iou^ ' 
concluded [22] that this interaction is minimal because the Raman spectra of tian‘s 
deuterated species L-Ala-C-d3 show little change in the methine vibrational frequenci10'61 
[20]. Unfortunately the 6-31G* calculations are not helpful here: although signific^nce 
C*-H  deformation contributions appear in the normal modes at 1301 and 1351 cm"1, fis'te 
first band is predicted to have the observed positive ROA but the second is wrongncec 
predicted to have a negative ROA. And although the symmetric methyl deform ation^ 
predicted to have the observed negative ROA, its calculated frequency is rather highJcu^e 
is worth mentioning that the neutral alanine calculations do predict strong mixijcsts 
between the C *-H  deformations and the symmetric methyl deformation. Unfortunate*.rat 
the crystalline DL-alanine results add to the confusion because the band at 1366cm'isah 
unlike the corresponding solution band at 1351 cm-1, shifts very little on deuteration wati 
the methine proton, which supports its assignment (along with the crystalline DL-alaniriids 
band at 1386 cm ') to the symmetric methyl deformation in Ref. [21]. aally
The next band, at ~  1410 cm- ', assigned to the symmetric C 0 2“ stretch [20, 21], shovlsin 
a significant negative ROA in all three solutions. The VCD spectra show a small positive f 
feature in this vibration of opposite sign to the feature in the symmetric methlinc 
deformation band [22, 23] suggestive of some coupling between the symmetric meth«ing 
deformation and the symmetric C 0 2- stretch. The discussion is complicated by the fa<~ gn 
that there is still significant Raman and ROA intensity in this band in the HC1 solutioiouri 
where symmetric C 0 2 contributions cannot exist, which suggests that the symmetrixpec 
C 0 2 stretch must be less dominant than previously supposed (but there is no question of 
that the C 0 2H group, either protonated or unprotonated, is largely responsible for throve 
1410 c m 1 band because we observed no sign of it in the Raman spectrum of alanino 
which has the same structure as alanine except that C 0 2H is replaced by CH2OH). ThiWH/t( 
suggestion is supported somewhat by the 6-31G* calculations because, corresponding t ^ r 
the experimental 1410 cm-1 band, there are two modes with frequencies 1523 am 
1501 cm "1 with large negative and small positive ROA, respectively, and neither of theS' 
have the C 0 2 stretch as the major contribution (they contain a mixture of C*-J 
deformations, CO:" stretch and C 0 2~ torsion motions). Also the neutral alanim 
calculations suggest that methyl symmetric deformations mixed with C *-H  deformation l d 
contribute in this region. w. L
The final band, at ~  1460cm-1, assigned to the degenerate pair of antisymmetric D 
methyl deformations [20,21], shows an ROA couplet in all three solutions, whicfj^ 
suggests that ROA of opposite sign is generated in the two split antisymmetric methy T G 
deformations through coupling with other modes. No significant VCD is observed ir t. b 
these antisymmetric methyl deformations [22]. It is gratifying that the 6-31G* calcula-Wiiei 
tions do predict the observed negative-positive ROA couplet in the split antisymmetricPJ 
methyl deformations even though the calculated frequencies are rather high. This^^ 
situation is similar to another much-studied case in arylethanes where ROA couplets areand 
generated in the antisymmetric methyl deformations through coupling with an aromatic G N 
mode that coincides in frequency [37-39]. L. h
We have not shown the bands between —1600 and 1650 cm-1, assigned to the L. H 
antisymmetric CO:" deformation and to the antisymmetric NH3+ deformations [20,21], j- ^ 
because no significant ROA was observed; but VCD data is available in this region L D 
[22,23]. We did not attempt to obtain ROA spectra in the C -H  stretch region; but ^  
extensive VCD studies as a function of pH have been carried out in this region [40]. L. c
P. K 
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This study has demonstrated that ROA has great potential for stereochemical p L 
investigations of biologically significant molecules in aqueous media. The instrument m. l
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co!for the measurements was not the currently attainable optimum, yet useful spectra 
5cj,i wider range at lower frequency than that accessible to VCD at the present time 
^obtained without the associated solvent problems. The fact that the main ROA 
t tires of alanine are similar at neutral, high and low pH indicates firstly that the 
^ a te d  conformations are very similar; and secondly that, unlike VCD, the dominant 
f t|anisms generating ROA are more directly linked to the basic structural features of 
ncjiolecule and so might provide more reliable stereochemical information. Also the 
ictfnce ROA structure (arising from closely spaced bands with ROA intensities of 
t tjsite sign) where none is seen in the parent Raman band emphasizes the greatly 
tngnced resolution capability of ROA. The success of the ab  initio  calculations in 
onectly predicting the signs of many of the observed ROA features of such a “large” 
h.icule (at least when the corresponding normal modes have been reliably computed) 
xtfsts that it should eventually be possible to interpret ROA spectra at a fundamental 
ltd, rather than simply relying on empirical correlations to extract information, 
m'is also worth emphasizing that the absolute configuration of a chiral molecule follows 
in ffiatically with a high degree of certainty from an ab  initio  calculation that correctly 
nirfcts most of the observed ROA band signs.
nally, we should mention that a recent study of depolarization ratios of Raman 
io\fls in alanine and other amino acids as a function of concentration have indicated that 
itiflle formation takes place at high concentration [41]. Since saturated solutions were 
thjlin our ROA studies, the possible presence of micelles should be born in mind when 
thissing our results: in particular, the possibility of a fixed geometrical orientation of 
fat" groups against each other on the surface of a micelle, which was suggested to be 
tiosource of the enhanced isotropic scattering with increasing concentration [41], would 
:trtxpected to significantly affect the corresponding ROA. We intend to investigate the 
tiact of micelle formation on the ROA of alanine when further planned instrumental 
throvements will make ROA measurements on dilute solutions possible, 
no.
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Vibrational Raman Optical Activity in Forward 
Scattering: tranv-Pinane and p-Pinene
>c. 1
L. D. Barron,* L. Hecht and A. R. Gargaro
Chemistry D epartm ent, T he U niversity, G lasgow  G 12 8Q Q , U K  
eydWHug
Institut de C him ie P hysique, U niversite de Fribourg, C H -1700 Fribourg, Switzerland
The first measurements of vibrational Raman optical activity (ROA) have been performed employing a forward 
scattering geometry. Forward-scattered ROA spectra of ( + )-fro/is-pinane and ( —)-j?-pinene are presented as first
>e examples. Comparison with the corresponding backward- and right-angle-scattered spectra confirmed that the bond 
polarizability theory of ROA is a good approximation for trom-pinane, and has identified unequivocally a large 
isotropic contribution to the ROA in ^-pinene bands at 716 and 765 cm-1 ascribed to interactions between the 
olefinic methylene twist and a skeletal mode of the pinane structure. Unless large isotropic contributions are 
present, which is unusual, forward scattering is by far the least favourable of the ROA measurement strategies, 
which might explain the failure of recent attempts to observe ROA in coherent anti-Stokes Raman scattering.
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ODUCTION
or breakthrough in Raman optical activity (ROA) 
nentation has been achieved recently by replacing 
indard right-angle (90°) scattering geometry with 
scattering (180°) arrangement1 which, in conjunc- 
ith a cooled charge-coupled device (CCD) detec- 
ihould render the ROA method more widely 
able to stereochemical studies of chiral mol- 
1,2 Forward (0°) scattering ROA measurements 
e performed just as easily using the same optical 
onents (in a modified configuration), and this 
reports the first results.
aough ROA spectra measured in forward scat- 
are not expected to be as important for routine 
s as their backscattered counterparts, they do 
fundamental significance because they complete
1 of measurements necessary to extract the tensor 
ants responsible for observed ROA features, 
is necessary for an understanding of the mecha- 
responsible for the generation of ROA within 
J chiral molecules. This complete set of measure- 
' comprises the ROA intensities in forward and 
ford scattering, together with the total ROA inten- 
Jolarized plus depolarized) in 90° scattering.3-6 In 
te separate polarized and depolarized ROA inten- 
in 90° scattering, which can now be measured rou- 
i7 together with one or other of the forward or 
ford ROA intensities, provide similar information, 
e^r, we shall see that the availability of the 
^ ROA intensity enables scattering mechanisms 
discussed with much greater confidence in certain 
stances.
to w hom  corresp ondence shou ld  be addressed.
/^SO/060375-05 $05.00 
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Another experimental strategy should be mentioned 
in this context. It has been shown that, by setting the 
transmission axis of the polaroid analyser in the 90° 
scattered beam at the ‘magic angle’ of ±cos_1 Q 2/ 
y/3) =  + 35.26° to the vertical, the contribution from 
the electric dipole-electric quadrupole ROA mechanism 
vanishes so that pure electric dipole-magnetic dipole 
ROA spectra can be measured.6,8 Magic angle ROA 
spectra are particularly favourable for comparisons with 
ab initio computed spectra9 because the magnetic dipole 
and electric quadrupole contributions can sometimes 
reinforce and sometimes oppose each other, which can 
complicate the comparisons.
We present here the forward and backward ROA 
spectra of (+  )-trans-pinane and (—)-/J-pinene. Since 
polarized and depolarized 90° ROA spectra of both 
samples have been published previously,10,11 and also 
the magic angle ROA spectrum of /?-pinene,8 we are 
now in a position to make some definitive pronounce­
ments on ROA mechanisms in these molecules, espe­
cially with regard to the validity of the bond 
polarizability model and the importance of contribu­
tions from the isotropic part of the electric dipole- 
magnetic dipole scattering tensor products.
THEORY
We measure the ROA as the dimensionless circular 
intensity difference (CID):12
Aa = ( / /  -  / aL)/(/aR + / .L) (1)
where / aR and / aL are the scattered intensities with 
linear a-polarization in right and left circularly pol­
arized incident light. The CIDs, in terms of m Secular 
property tensor invariants, for forward (0°), backward 
(180°) and polarized (x), depolarized (z) and magic angle
Received I  December 1989 
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(*) right-angle (90 ) scattering are3-6-8-12
8[45ocG' + p(G')2 -  £M)2]
A(0 ) =
A( 180 ) =
A,(90 ) =
Az(90°) =
A.(90 ) -
2c[45a2 + 7/7(a)2]
48 m o 2 + \P (A )2^
2e[45a2 + 7£(a)2]
2[45aG' + 7P(G')2 + P{A)2] 
c[45a2 + 7/?(a)2]
12[/7(Gf-j/7(A )2]
6c/7(a)2
(20/3)[9aG' + 2 ff(G')2] 
(10/3)c[9a2 + 2/?(a)2]
(2a)
(2b)
(2c)
(2d)
(2e)
where a and G' are the isotropic invariants of the polari­
zability tensor and the electric dipole-magnetic dipole 
optical activity tensor, and /7(a)2, /7(G')2 and P(A)2 rep­
resent the anisotropic invariants of the polarizability, 
electric dipole-magnetic dipole and electric dipole- 
electric quadrupole optical activity tensor products. 
[Common factors in the numerators and denominators 
of Eqns (2) have not been cancelled so that the relative 
sum and difference intensities can be directly com­
pared.] Graphs for the dependence of these invariants 
on the scattering angle for various analyser orientations 
are presented in Ref. 6, where the virtues of different 
experimental strategies for the detection of ROA are 
discussed.
For the case of a molecule composed entirely of ideal­
ized axially symmetric bonds, the bond polarizability 
theory of ROA intensities3 predicts the relations 
P(G')2 = P(A)2 together with aG' = 0, in which case the 
CIDs in Eqns (2) reduce to
A(0") = 0 
A(180°
Ax(90°
A,(90"
64 P(G')
2c[45a2 + 7/7(a)2]
m e ) 2
c[45a2 + 7£(a)2]
m o 2
6 cp(ocY
A,(90 ) - (40/3 )P(G')
(10/3)c[9a + 2/7(a)2]
(3a)
(3b)
(3c)
(3d)
(3e)
Hence, within this approximation, the ROA intensity in 
backward scattering is four times that for polarized 90° 
scattering, which has recently been confirmed experi­
mentally for frun.s-pinane.1 This same sample also 
shows the predicted ratio of 2: 1 for the polarized-to- 
depolarized ROA intensities in 90 scattering.10 A 
crucial test is therefore to discover if frans-pinane shows 
zero ROA in forward scattering, which was one of the 
main purposes of this study.
In general, the bond polarizability theory results in 
Eqns (3) are expected to yield reasonable results for 
pure saturated hydrocarbons such as frans-pinane. 
However, they are not expected to hold for molecules 
that contain oxygen or sulphur heteroatoms because 
such molecules can show large deviations from the pre­
dicted ratio of 2:1 for the polarized-to-depolarized 
ROA intensities despite having axial symmetry in all the
bonds.13 15 Also, of course, they are not expect ■ 
hold for molecules that contain non-axially symr ! 
bonds such as C = 0  or C = C ,10 a typical exj ! 
being P-pinene.11
EXPERIMENTAL
The ROA spectra were recorded using the Gla 
multi-channel instrument described in Ref. 7. Ho\ 
the intensified diode-array detector has now 
replaced with a cooled (unintensified) CCD del 
(Wright Instruments, Model ATI), which, as desc 
previously,2 offers significant advantages for ROA - 
owing to the increased quantum efficiency and thf  ^
read-out noise, in addition to other factors.
The optical system employed for the backward- 
forward-scattered ROA measurements was simil; 
that described by one of us some time ago,16 but 
two minor modifications: the fibre-optic cross-se 
transformer was replaced with a simpler systei/
which the circular image of the backward- or forvI 
scattered light was focused on the slit of the spe 
meter; and the Lyot calcite polarization scran 
(2 + 4 mm) was replaced with a thicker one (3 + 6 
from Phillips Optical. Of course for the for\C 
scattering measurements the assembly is turned an 
through 180° so that the sample cell, Lyot polarizi
scrambler and collimating lens are now in front o-----
diverting mirror.
The samples of ( + )-frans-pinane and ( — )-/7-pi: 
were purchased from Fluka and were studied as T Th 
liquids distilled into quartz microfluorescence * (’™ 
using a focused 600-mW argon-ion laser beam at 4 u 
nm and a spectral resolution (full width at 
maximum intensity) of ca. 8 cm-1 with an acquisi 
time of 1 h. arize
Artefacts are generally greatly reduced in b;i be 
scattered ROA measurements compared with 90° sns (2; 
tering, and good reflection symmetry is seen in irtual 
backscattered enantiomeric spectra of trans-pin He 
shown in Ref. 1. We have found the same to be trurator 
forward-scattered ROA measurements, and bity ( 
obtained good ‘mirror-image’ forward ROA spectrifron 
the two enantiomers of trans-pinane, although only tth 5 
of the (+  )-enantiomer is shown here. Unfortunately,!few 
(+ )-enantiomer of P-pinene is not available ccwh 
mercially, so we were unable to obtain enantiomilmo: 
forward ROA spectra of /7-pinene; however, from :ring 
previous experience we are confident in the spectruffhe 
(— )-/7-pinene shown here. spe
Tig
■----------------------------------------------------------------------------------------   icter
■laticRESULTS AND DISCUSSION
fra/is-Pinane: the bond polarizability theory
lene
Figure 1 shows the Raman circular intensity sum aylei 
difference spectra of (+ )-trans-pinane in forward sc 
tering (top pair) and backward scattering (bottom p£Ra 
in the range ca. 630-1070 cm F It is gratifying that tra ( 
results accord with the predictions of the bond polari^, 
bility theory as summarized in Eqns (2). This c^re, 
expected in view of the previously observed behavio, /
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iarized and depolarized 90° scattering.10 First it 
bd be noted that, as predicted by the denominators 
i° as (2a) and (2b), the circular intensity sum spectra 
in irtually identical in forward and backward scat- 
pi4 However, as predicted by Eqn (3a) and the 
trurator of Eqn (3b), the corresponding circular 
Brity difference spectra are dramatically different: 
;trifrom the ROA band at 775 cm "1, which is similar 
ly tth spectra with A(0°) *  A(180°) »  -0 .7  x 10" 3, 
ly,tfew small ROA features are seen in forward seat­
ed whereas in backward scattering the ROA is large 
milmost identical in appearance with the ROA in 90° 
n ring,10 but much more intense,1 again as predict- 
urihe band at 775 cm "1 in the forward-scattered 
'spectrum is of particular interest because it prob- 
originates in isotropic scattering associated with a 
“ Weristic pinane-type skeletal mode and shows a 
totion with the equivalent band in /J-pinene (see 
' ) •
*ne: isotropic scattering associated with the 
1 Xylene twist
sc
P* Raman circular intensity sum and difference 
lt .ta of (—)-/l-pinene in the range ca. 630-1070 cm " 1 
Lr%)wn in Fig. 2, with the forward- and backward- 
. r^ed spectra again at the top and bottom, respec- 
’ As expected, the forward and backward circular
CTi
to
O
cn
<J>
O
0
<T>
O
cn
o
0
F ig u re  2. The forward-scattered (upper pair) and backward- 
scattered (lower pair) Raman circular intensity sum and difference 
spectra of neat ( - ) - /? -pinene.
intensity sum spectra are virtually identical. The back­
ward circular intensity difference spectrum is very 
similar to the corresponding depolarized 90° spec­
trum,811 but the forward circular intensity difference 
spectrum is different from both. Most of the ROA fea­
tures in the backward-scattered spectrum have either 
disappeared or become much reduced in the forward- 
scattered spectrum; however, a large ROA couplet with 
A(0°) *  ±2 x 10 3 appears in the bands at 716 and 
765 cm "1 in forward scattering that is completely 
absent in backscattering. A similar couplet is seen in 
both the polarized11 and magic angle8 90° ROA 
spectra, and its absence in the corresponding depolar­
ized spectrum was explained by Barron and 
Escribano11 in terms of a large electric quadrupole con­
tribution associated with olefinic deformations, with 
f}(A)2 «  3/?(G')2 deduced from the numerator of Eqn 
(2d) and the assumption that the isotropic term ocG’ 
makes negligible contributions. The neglect of the iso­
tropic term was justified at that time by the fact that it 
vanishes within the bond polarizability theory, and that 
there was no direct experimental evidence for significant 
isotropic contributions in other polarized ROA spectra. 
However, Barron and Escribano did emphasize that 
isotropic scattering could not be ruled out as the source 
of this ROA couplet and that measurements at other 
scattering angles are necessary to provide further 
experimental evidence to distinguish between the two 
possibilities. This was a wise proviso because, from
180'
180'
1000 cm '1700 800 900
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Eqns (2), the ROA measurements in forward and back­
ward scattering presented here can only be reconciled 
with the earlier 90 measurements if this couplet orig­
inates in almost pure isotropic scattering. This conclu­
sion is reinforced by the CID A values, which are 
predicted by Eqns (2a) and (2c) to have twice the value 
in forward scattering that they have in 90° polarized 
scattering if the mechanism is-pure isotropic, which is 
what is found (within experimental error) if the A(0°) 
values given above are compared with AJC(90°) % 
+ 1 x 10 3 estimated from Fig. 1 in Ref. 11.
It is easy to understand qualitatively how the iso­
tropic ROA couplet might be generated in the 716 and 
765 cm 1 bands. Hecht and Barron8 suggested that the 
olefinic methylene twist makes a significant contribu­
tion to the Raman band at 716 cm "1, and since the 
Raman band at 765 cm " 1 is one of a set of well charac­
terized pinane-type skeletal modes, they ascribed the 
origin of this interesting ROA couplet to interactions 
between this twist and the skeletal mode. The methylene 
twist transforms as A u in the D 2h point group of ethene 
itself, and as A 2 in a structure of C 2v symmetry, both of 
which irreducible representations are spanned by the 
tensor components G'xx, G'yy and G l,. Hence a funda­
mental Raman scattering transition associated with the 
methylene twist is allowed through G', the isotropic part 
of the axial electric dipole-magnetic dipole optical 
activity tensor, even in the parent structure of highest 
symmetry {D2h) and so might be expected to show sig­
nificant isotropic ROA if the effective symmetry of the 
olefinic group is reduced to that of a chiral point group 
as in /Tpinene in which a, the isotropic part of the polar 
polarizability tensor, can also contribute to Raman 
scattering in the methylene twist. This condition (a 
Raman transition allowed through G' in a high- 
symmetry parent structure but only allowed through a 
owing to chiral perturbations) is a particularly favour­
able experimental situation because large ROA could be 
generated in association with a weak Raman band; this 
is analogous to the favourable situation in conventional 
electronic circular dichroism studies where a magnetic 
dipole-allowed transition is present in a high-symmetry 
chromophore and the parallel electric dipole transition 
is induced by the chiral environment so that the circular 
dichroism is associated with a weak absorption band, 
the classic example being the 7i* <- n transition in the 
carbonyl chromophore.3,17
The Raman band in trans-pinane at 775 cm 1 has 
similar origins to that in /5-pinene at 765 cm "1, namely 
the pinane-type skeletal mode mentioned above. Hence 
it is gratifying that the associated isotropic forward 
ROA in this mode in (+  )-truns-pinane has the opposite 
sign to that in ( —)-/i-pinene, since the pinane-type skele­
tons have opposite absolute configurations in the two 
molecules.
c o n c l u s io n s
18 , 21
echt a r
The results for frans-pinane reinforce the earlier sujj9). 
tion that the bond polarizability theory of ROA< Bose 
reasonable approximation for pure saturated hydr*s Chen 
bons. The small effects observed in its forward 
spectrum probably originate in isotropic scattering.) Barro
The existence of large isotropic ROA contribution). 
/Tpinene seems unequivocal. It also seems reasofi Barn 
that they are associated with the methylene twis71^ 
which case we would expect to find significant isotij Barr( 
ROA in twist and torsion modes of other molecu/t45, 
the mode transforms the same as the isotropic op Barrc 
activity tensor invariant G' in a parent structural ( 
higher symmetry.
This study is also of interest in connection with 
gestions that coherent Raman techniques migh 
favourable for ROA measurements.18 21 The 
reported attempt at observation is that of Schneidi 
al.,22 who failed to detect any ROA in a polariza 
coherent anti-Stokes Raman (CARS) experiment or 
1002 cm " 1 phenyl breathing mode of ( + )- and (- 
phenylethylamine. The CARS experiment essent 
measures ROA in forward scattering, but we 1 
demonstrated that, unless there is a large isotropic 
tribution, which is unusual, forward scattering is u 
vourable for incoherent ROA measurements so 
would expect CARS ROA measurements to be simil 
unfavourable. Indeed, it has been shown theoretic 
that coherent ROA vanishes within the bond polai 
bility (two-group) model.18 We therefore suggest 
future attempts to observe CARS ROA should com 
trate initially on the 716 and 765 cm-1 bands ir 
pinene, which are highly favourable on account of 
large isotropic contribution.
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Note added in proof
After this article went to press, we were reminded of some highly r 
vant earlier work. Specifically, B. A. Garetz pointed out in Op 
Commun. 49, 65 (1984) that the large ROA observed by M. Klein ; 
M. Maier in forward stimulated Raman scattering in a-quartz, rep< 
ed in Optics Commun. 44, 411 (1983), could be due to isotropic 
scattering. See also M. Klein, M. Maier and W. Prettl, Phys. Rev. 
28, 6008 (1983).
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V ib ra tio n a l R a m a n  o p tic a l a c tiv ity  s p e c tr a  in th e  r a n g e  1100 —1500 c m -1 o f  a q u e o u s  s o lu t io n s  o f  L-alanyl-L-alanine, 
D -alany l-D -alan ine, ly so z y m e , a n d  a -c h y m o try p s in  s h o w  f e a tu r e s  o r ig in a t in g  in c o u p le d  CQ-H  a n d  N-H d e fo rm a tio n s  
o f th e  p e p tid e  b a c k b o n e  a n d  a p p e a r  to  b e  s e n s i t iv e  to  th e  d e ta i ls  o f  th e  s e c o n d a r y  c o n fo rm a tio n .
Vibrational Raman optical activity (R O A ) m easurem ents on 
chiral molecules can provide a wealth of stereochem ical 
inform ation because a vibrational spectrum  contains bands 
associated with every part of the m olecular fram ew ork.1^ 3 
R O A  is expected to be particularly valuable in studies of 
biologically significant molecules. H ow ever, owing to its 
greater sensitivity, the com plem entary technique of vibra­
tional circular dichroism (VCD) has so far set the pace in this 
area.4 However, a recent dram atic advance in R O A  
instrum entation based on the use of a backscattering 
geom etry5-6 (in place of the usual 90° scattering arrangem ent) 
together with a cooled charge coupled device (C C D ) detec tor7 
has now provided sufficient sensitivity to render biologically 
significant molecules in aqueous solution accessible to R O A  
studies. This comm unication reports the first R O A  spectra of 
peptides and proteins.
T , . ~  line
e peptide and protein  sam ples were studied as nearjuei 
saturated  solutions in w ater contained in quartz microfluonrm 
escence cells, and R O A  m easurem ents were made using <y. ] 
tocused 500 mW  argon-ion laser beam at 488.0 nm and mat 
spectral resolution (FW H H ) o f ~ 8  c m -1. 134
Figure 1 shows the backscattered  Ram an and ROA spectraisi 
o  L-alanyl-L-alanine and D-alanyl-D-alanine solutionshe j 
acquired in 4 h. It can be seen tha t there is excellent reflectiomic 
sym m etry betw een the enantiom eric spectra. Interpretation ofirn 
these spectra is aided considerably by the assignment work ofer 
D iem  et al. using conventional Ram an measurements8-9!si 
together with V C D ,10 and by our recent experimental and32 
ab initio theoretical R O A  work on alanine.11 This reportflc 
concentrates on a few R O A  features that appear to behtl 
characteristic o f the pep tide conform ation. The large coupletiri
in the R am an bands at 1340 and 1372 c m -1 is also shown by.’7yT
L > %EM. S O C ., CH EM . C O M M U N ., I 9 9 O 1035
j l x 1 0 8
0
0 .5  x 10'
0
1200 13 0 0 1 4 0 0 1 5 0 0
v / c m  1
w 1. The backscattered Raman (P + P )  and R O A  ( P  — P )  
traof (a) L-alanyl-L-alanine and (b) D-alanyl-D-alanine in water, 
tine intensity scales (in electron counts) are arbitrary.
itions
nine,11 where it is known that the lower and higher 
> neafluency component bands originate in a methine Ca-H 
ofluoitomation and the symmetric methyl deformation, respect­
in g  tj. However, interaction with the symmetric methyl de- 
and nation is probably not the main source of ROA intensity in 
1340 cm- 1 Ca-H band because a positive feature of similar 
>pectrinsity appears at the same frequency in the ROA spectrum 
lutionlie L-L-L-alanyl tripeptide ROA spectrum (not shown) with 
lectiouuch reduced negative feature in the methyl symmetric 
itionofcrmation; also a large positive feature is seen at slightly 
vork oitr frequency in the ROA spectrum of L-polyglutamic acid 
ients8*%shown) which contains no methyl groups. The next band, 
;al an<$25 cm-1, which shows ROA of the same sign as that at 
report) cm'1 (but weaker) is probably related to one in alanine at 
to bdhtly lower frequency with similar ROA and which is known 
joupletoriginate in another Ca-H deformation.11 The band at 
>wn byl79 cm-1 showing ROA of opposite sign to that in the 1325 
’11340 cm-1 bands is conventionally assigned to the ‘amide
0
h . . . . . . . . .  i . . . . . . l . . .  i . i ................... i ............
1 2 0 0  1 3 0 0  1 4 0 0  15 0 0
v  / cm -1
Figure 2 . T he backscattered  R am an and R O A  spectra o f  lysozym e in 
water.
Ill’ vibration, which is supposed to consist mainly of the N-H 
deformation.12 However, Diem et a/.8-10 have shown that in 
fact this band, together with those at 1325 and 1340 cm-1, 
involves much more mixing between the Ca-H and the N-H 
deformations than previously supposed, which explains the 
well known geometric sensitivity of the amide III band.
Figures 2 and 3 show the backscattered Raman and ROA 
spectra of lysozyme and a-chymotrypsin solutions, the first 
being run for 16 h and the second for 13 h. The dominant 
feature common to both ROA spectra is a broad couplet, 
negative on the lower frequency side and positive at higher 
frequency, centred at ~ 1275 cm-1, which is within the 
conventional amide III region. However, a major difference 
between the two protein ROA spectra appears to the high 
frequency side of this broad couplet, where a-chymotrypsin 
shows a second couplet centred at ~1320 cm-1 that is positive 
at lower frequency and negative at higher frequency. The 
lysozyme ROA drops to zero rapidly towards 1320 cm-1 and 
then becomes positive again suggesting a similar couplet to 
that in a-chymotrypsin but with opposite sign. Extrapolating 
from the peptide results discussed above, we tentatively 
propose that these major protein ROA features originate in 
coupled Ca-H and N-H deformations from the peptide 
backbone and so represent a superposition of ROA bands 
from the various types of secondary backbone conformations, 
being particularly sensitive to the range of angles (J> around the 
different Ca-N bonds present in the particular protein. It is 
intriguing that the region from ~1300 to 1380 cm-1 where the 
ROA spectra of the two proteins differ significantly is the 
region where ‘amide III’ modes characteristic of reverse turns 
in polypeptide chains are expected to be observed.13
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Figure 3. T h e  b a c k s c a t t e r e d  R a m a n  a m i  R O A  s p e c t r a  ot  
, vchv  mo t r y ps i r i  in w a t e r
The i m p o r t a n c e  o f  t h e  p r e l i m i n a r y  r e s u l t s  p r e s e n t e d  h e r e  is 
t h a t  t h e y  d e m o n s t r a t e  t h a t  it is n o w p o s s i b l e  t o  o b t a i n  R O A  
s p e c t r a  o f  b i o l o g i c a l  m o l e c u l e s  in a q u e o u s  m e d i a  a m i  t ha t  t h e  
s p e c t r a  a p p e a r  t o  b e  s e n s i t i v e  t o  i m p o r t a n t  c o n f o r m a t i o n a l  
f e a t u r e s .  F o r  t h e  s a m e  r e a s o n s  t h a t  h a v e  l e d  c o n v e n t i o n a l  
R a m a n  s p e c t r o s c o p e  t o  f i n d  m a n y  a p p l i c a t i o n s  in b i o -
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